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Chapter 1 
General Introduction 
A. Linskens and J. Reuss 
Department of Molecular and Laser Physics, University of Nijmegen 
Toernooiveld, NL-6525 ED Nijmegen, Netherlands 
1.1 Outline 
The research described in this thesis is an attempt to span the bridge between multi-
photon-processes and high-resolution-spectroscopy as separately described in the 
work of my predecessors C. Liedenbaum [1] and S. te Lintel Hekkert [2], respectively. 
The work of C. Liedenbaum clearly demonstrates the dependence of multi-photon 
processes on the quality of the laser field radiation. Two main conclusions were a) 
the strong increase of multi-quanta absorption effected by a multi mode structure 
of the laser and b) the related existence of a bottleneck in case of a single mode laser 
field. In the work of S. te Lintel Hekkert the new field of infrared double-resonance 
high resolution multi-photon molecular spectroscopy was explored. Evidence was 
found a.o. for the existence of isolated three-photon transitions. Vibrational ex-
citation to states just below the quasi-continuum appeared as spectral 'blobs' in 
limited spectral domains. 
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To connect these two different fields experimentally the 'spectral brightness' of the 
used laser systems has been modified. High laser powers (up to 35 W) are obtained 
by application of a home-built waveguide amplifier and the frequency stability was 
improved to about 1kHz using acoustical modulation techniques and slaving the 
lasers to highly stable Fabry-Perot étalons. In the section below an overview is 
given of these experimental novelties. 
In chapter 2 a brief discussion is provided concerning the importance of the 
interaction geometry of the laser beam with the molecular beam. A proper choice 
of geometry leads to selective excitation of an AC-Stark shifted level by Rapid 
Adiabatic Passage. The chapter also serves as a demonstration of the complexity 
of multi-photon processes which are encountered by use of two overlapping laser 
fields. 
In chapter 3 interference phenomena which occur in two-laser two-photon pro-
cesses are discussed. The combined (resonant) interaction of two lasers with molecules 
leads to various excitation pathways. Constructive and destructive interference be-
tween the amplitudes of the different pathways reduces or enhances the transition 
probability. For strong laser fields it is shown that a splitting takes place for the 
different angular momentum sublevéis. The theoretical description of these phe-
nomena is based on the Dressed State Model (DSM) under the assumption of one 
stationary laser field and one probing laser field. This approach is compared to 
numerical results obtained from the optical Bloch equations. 
A more detailed discussion with respect to the splitting and shifting of the var-
ious angular momentum sublevéis is found in chapter 4. The amplitudes for two-
photon transitions are calculated for all possible types of Δ Μ transitions. Making 
use of different polarizations of the laser beams (with different quantization ax­
es) the alignment of a nearly spherical top molecule is considered. Changing the 
polarization of the probe laser from linear to circular the excitation of one spe­
cific angular momentum sublevel is favoured yielding e.g. a more than 85% pure 
( J = 3, \M\ = 3) final state. All results arc again explained with the DSM. A 
most striking change from the regime of Rabi oscillations to the regime of RAP is 
effectuated by detuning the pump laser by as little as 1 MHz from resonance. 
The non-linear response of a molecule to different radiation fields is demonstrat­
ed in chapter 5. Two-photon Rabi oscillations are demonstrated in experiments 
with one laser and with two simultaneously interacting lasers. With the one laser 
experiment the transition dipole moment of the vibrational 1/3 ladder in SF6 could 
be determined in acceptable agreement with literature values. This implicates that 
the one-laser two-photon excitation remains unperturbed by coupling to higher vi­
brational modes. For the two-color two-photon processes the AC-Stark splitting, 
resulting from the combined laser interactions, makes higher vibrational states ac­
cessible; the multi-pathway created by either one of the lasers introduces a strong 
coupling with other states. Although Rabi oscillations were clearly observed no 
quantitative analysis has been attempted. 
Chapter 6 gives a first demonstration of Doppler-free two-photon Ramsey fringes 
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in the 10 μτη region. The obtained accuracy amounts to 1 kHz in 30 THz and is 
limited by the laser stability, however, much improved as this has been. With state-
of-the-art laser systems and application of slow molecular beams this technique may 
lead to a frequency accuracy of 1-f 101 6. The Ramsey fringe theory is discussed in 
a comprehensible model. The experimental setup characteristic for Ramsey fringes 
is described. 
High-resolution spectroscopy and multi-color multi-photon processes are defi­
nitely brought together in chapter 7. A plenitude of new effects has been found like 
up-up-up and up-down-up processes which answer the question why multi-mode 
lasers are so much more efficient in producing multi-photon excitation and disso­
ciation than single mode lasers. In fig. 1 some of these multi-color transitions are 
depicted for a simple three level system. 
Considering all the effects together that are studied in this thesis as the red 
thread one discovers the ever increasing sophistication of observable transitions. 
What once started (Bohr 1913) as a quantum jump -and as such has startled 
the world of physicists- became an oscillating behavior for one- and many-photon 
transitions, then showed inversion by rapid adiabatic passage which is so strong 
that one has troubles to suppress this inversion; next, in a multi-color radiation 
field it led to dressed and strongly shifted states prone to multi-path excitation 
processes interfering with each other to finally end up in the transient creation of 
superposition states; their time dependence beat with the laser oscillations of the 
electric field and produces the as beautiful as useful Ramsey fringes. 
To conclude with, we would like to quote the start of the introduction of Atom 
and Photon Interactions, by C. Cohen-Tannoudji et ai., in which the importance 
of this field is summarized 
Electromagnetic interaction governs the motion of electrons and nuclei, which are, 
on the electron-volt scale, the elementary constituents of matter. Understanding 
the mechanisms of interaction between the electromagnetic field and these particles 
is thus fundamental to the interpretation of many phenomena in our environment. 
Responsible for the cohesion of atoms and molecules and their mutual interactions, 
the electromagnetic interaction is also at the origin of the emission and absorption 
of radiation by these systems. The study of the light emitted or absorbed by these 
atoms and molecules provides an essential source of information on the structure 
and dynamics of these systems. Finally, it is also possible to use photons to act on 
the atoms, to control their internal as well as external degrees of freedom, and to 
place them in situations far from thermodynamic equilibrium. 
from: C. Cohen-Tannoudji, J. Dupont-Roc and G. Grynberg, 
Atom-Photon Interactions; basic processes and applications. 
John Wiley & Sons Inc., Toronto. 1992, pi . 
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Figure 1.1. Four different types of two-color multi-photon interactions with a molecular 
three level system (SFe). The respective processes are depicted on top, with on the 
¡eft side the basic three level energy scheme and the basic action of laser-2. Both lasers 
detunings are given with respect to the 10P16 CO2 laser line. Laser-2 is fixed at a detun-
ing of +174 MHz in resonance with the P(4)E two-photon transition in the vibrational 
1/3 ¡adder of SFe- The dashed horizontal line indicates the chopped laser-2 two-photon 
signal. For feature A (shaded doublet) acts as a strong pump laser splitting the energy 
levels. Laser-1 probes the split energy levels by scanning over the shifted transition fre-
quencies. Label В designates the P(4)E two-photon transition, however, for one photon 
from laser-2 and one photon from laser-1. The labels С and D arise from the absorption 
of two photons and the emission of one photon; the sum frequency is in resonance with 
the first vibrational excited state, i.e. the 3=3, Elevéis. They are assigned as xip-up-down 
transitions. The neighboring structures arise from other multi-photon processes. 
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1.2 Experimental novelties and tricks 
1.2.1 The general scheme 
The experiments described in this thesis all concern the interaction of 'free' molecules 
with laser field radiation. The 'free' molecules are produced in a supersonic expan­
sion through a nozzle of 30-50μπι diameter. During the expansion the molecules are 
selected so as to travel into one well defined direction with almost all their internal 
energy transformed in translation energy by a skimmer of 0.7 mm diameter. Thus, 
a continuous beam of 'free', non-colliding molecules is created. 
. He pure 
_ _ 1 Z SF6 In He 
_ _ — 2 7 SF6 In He 
57 SF6 In He 
SF6 pure 
Ρ [bar] 
Figure 1.2. Velocity of beam molecules for various seeding ratios as function of increasing 
stagnation pressure. The dotted box indicates the typical values used in the experi­
ments. 
A characterization of the velocity of SFe beam molecules has been performed 
in a quite similar beam machine in Göttingen [5] with a 50μπι nozzle; the time-of-
flight measurements were performed with pseudo-random modulation techniques. 
The results are shown in fig. 2. For increasing stagnation pressure the velocity was 
measured for different seeding ratios of SF6 in He. The FWHM of the velocity dis­
tribution amounted to 12-14%, depending on the seeding percentage. The dashed 
box indicates the typical conditions we used in the experiments with respect to 
seeding percentage and stagnation pressure [3]. 
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Travelling downstream the molecules are subjected to interaction with coherent 
cw СОг-laser fields by which their internal energy is changed; they become excited. 
The quality of the laser beam in terms of mode structure, coherence-time and 
frequency stability determine the manner of excitation into a specific state. In 
strong laser fields or if the duration of the interaction time is long enough the 
molecules can oscillate between different states. 
Leaving the interaction zone the molecular wavefunction is fixed, because spon- , 
taneous emission can be neglected. The journey abruptly ends on hitting a cold 
bolometer surface. All kinetic and internal energy is transferred to the bolome­
ter element which becomes heated by all those excited molecules. This heating 
up can be monitored by measuring the electric resistance of the bolometer ele­
ment [4]. Application of Lock-In techniques can distinguish between translation 
energy (without IR-excitation) and the internal energy put in by chopped laser 
field interactions. Cooling down the bolometer element to 1.5 K, by pumping the 
liquid Helium bath, a fast rise-time together with a high sensitivity are obtained. 
The basic experimental setup is illustrated in fig. 3. 
1.2.2 C 0 2 waveguide lasers and Fabry-Perot étalon 
The homebuilt CO2 lasers arc of the waveguide type, consisting of a quartz tube 
with an inner-bore of 3.7 mm diameter and a length of « 40 cm; the tube is cooled 
by water flow. The gas discharge is of the conventional de HV type; the discharge 
current is stabilized. Typical operation values are 10 kV with 10 mA. An end mirror 
with a reflectivity of 70% and a grating with 10.6 μπι blaze angle, 150 lines per 
mm, are mounted on Invar rods; the cavity has a length of 50 cm. The maximum 
tuning range around the fundamental CO2 laser transition follows from the free 
spectral range c/2L= 300 MHz. Effectively, only a tuning range of 200 MHz has 
been exploited due to possible mode-hopping and an enlarged frequency instability 
near the edges of the gain profile. In fig. 4a the intensity profile of the laser beam 
measured by translating a slit of 1 mm width through the laser beam is shown; the 
TEMoo mode is evident. 
After a warming-up time of about 2 hours the long term frequency drift amounts 
to about 1 MHz per minute from the center of the laser line. The short term 
fluctuations are estimated to be less than 100 kHz. The operating performance 
with respect to frequency stability could be greatly improved utilizing a confocal 
Fabry-Perot Interferometer (FPI). 
Relative frequency markers are obtained by transmitting the beam of a tem­
perature stabilized HeNe laser through the étalon. The mode spacing for the HeNe 
laser is 4.5 MHz. The bad reflectivity of the 10.6 μπι coated étalon mirrors for the 
HeNe wavelength gives rise to a sinusoidal fringe pattern. An absolute frequency 
marker is obtained from the saturation dip signal of the CO2 fluorescence; part of 
the laser beam is split off and fed into a CO2 filled cell (Pssl mbar) [8]. 
The FPI is constructed of two high reflectivity (99.2%, Finesse = 400) confocal 
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Figure 1.3. Block diagram of the basic experimental setup. The dashed lines indicate 
the laser radiation of the HeNe and the CO2 laser, the solid lines indicate the various 
connections to electronic devices. The chopper modulates the intensity of the laser beam. 
The beam splitters Si are of the Germanium type which transmit the CO2 laser radiation 
and reflect the HeNe radiation. The beam splitters S2 are uncoated ZnSe windows with 
a reflectivity of 50% for the CO2 laser radiation. 
mirrors fixed at a distance of 50 cm by a quartz glass tube (diameter 10 cm), see fig. 
5 (left side). The mirror mounts are constructed of aluminum compensating for the 
thermal expansion coefficient of the quartz tube. In this way a passive stabilization 
was achieved with a frequency stability < 10 kHz per minute. The cavity was 
placed in a temperature stabilized housing (6T< 0.01 К per hour) whichcould 
be evacuated to minimize disturbances due to pressure fluctuations. The final 
cavity stability amounts to < 1 kHz per minute. Part of the laser beam is split 
off and sent through the étalon. By application of a modulation of the étalon 
transmission around a transmission peak, the laser is slaved to the étalon; the 
laser beam intensity passing through the étalon becomes modulated and (utilizing 
Lock-In techniques) the laser frequency is continuously adjusted to optimum signal. 
Conventionally, the transmission frequency of the étalon is modulated by chang-
ing the distance between the étalon mirrors; one of the étalon mirrors is mounted 
on a PZT translator which modulates the cavity length. The maximum modulation 
speed amounts to about 1 kHz. We have developed a new transmission-modulation 
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Figure 1.4. Laser Beam intensity profile (2a) and amplified laser gain profiles (2 ) . The 
intensity profile is measured with a sJit of 1 mm width cutting translated through the 
laser beam. The slit position is given by x. The solid curve depicts a Gaussian fit through 
the data points. In fig. 4b the gain profiles of the laser beam are shown without amplifier 
(A), with conventional amplifier ( · ) and with wave guide amplifier (m). The power is 
normalized at the peak values. On the abscissa the relative laser detuning is shown. 
technique useful up to 25 kHz modulation frequency. The technique is based on the 
change in refractive index between the two étalon mirrors. Generating an acoustic 
wave inside the étalon the refractive index (and thus the optical path length and 
the transmission signal) is modulated. The advantage is that all mechanical devices 
with their inertia are eliminated. 
The acoustical wave is generated by a thin PZT-film (Kynar, 200x 100x0.5mm); 
a transmission signal with a reasonable S/N ratio is still obtained with a modu-
lation speed of 50 kHz. The speed of the electronic feed-back loop is the limiting 
factor. We used a home-built PID-regulation to produce the correction signal with 
an integrator stage for the long term fluctuations, a proportional stage for the 
overall fluctuations and differential stage for the short term fluctuations. For the 
correction-signal-loop a maximum speed is obtained just before 180 degrees phase 
lag between detected and corrected signal takes place. With this innovation the 
performance of the laser is improved to a long term drift of < 1MHz per half-hour 
and a short term drift of < 5kHz. 
A new stable and high power waveguide laser has been developed [6]. This 
window-less laser is constructed of grating, waveguide discharge-tube and end mir-
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Fabry-Perot Etalon Opto Acoustic Modulator 
aluminum pyrex confocal 
PZT driver acoustic waves retro reflector 
Figure 1.5. Fabry-Perot étalon (left side) and Opto Acoustic Modulator (right side). 
Only the cavity of the FPI is shown; it is placed in a stable pressure and temperature 
housing. The approximate dimensions are 0.5 m length and 0.1 m inner diameter. The 
acoustical tuning/slaving is explained in the text. The OAM is depicted in the double 
pass configuration providing a frequency shiñ of 2x100 MHz. The arrows denote the 
travelling direction of the laser beam. After the first pass the laser beam is splitted into 
an unshifted (bo) and a shifted (Ы) part. The retro reflector provides the second pass 
resulting in the twice shifted (bi) laser beam running parallel to the incoming beam. 
ror as the only intra cavity elements. A maximum output power of 15 W has been 
obtained for a 50 cm cavity length. The power is further increased by waveguide 
amplifier (inner-bore 3.7 mm) which imparts amplification over the whole tuning 
range. Positioning the amplifier-entrance at 1.5 cm from the waveguide beam-
output, the waveguide TEMno is matched to the amplifier-guide. The initial loss in 
power is about 1 W (amplifier off); the amplification amounts to a factor of 2.7 even 
taking into account this loss value. The total power obtained in this way amounts 
to 30 W in best performance. In fig. 4b the gain profiles for the conventional and 
the waveguide amplifier are shown as function if the laser detuning. This laser is 
stabilized with a sealed FPI [7]. Application of low pressure of the étalon ensured 
a drift in laser frequency of less than 1 MHz per half hour. 
1.2.3 Opto Acoustic Modulator 
With the use of Opto Acoustic Modulators (OAM, IntraAction Corporation) the 
tuning range of the CO2 laser is extended to 1 GHz around line center. The laser 
frequency is shifted by 100 MHz (plus or minus) after passing through the OAM. 
The loss in laser power is typically 50% per pass. A maximum number of two 
passes is achieved yielding a total frequency shift of 200 MHz. With the use of two 
OAM's the total tuning range is extended to plus or minus 500 MHz, including the 
laser in 
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100 MHz tuning rang of the laser itself. 
The shift efficiency of the OAM's can be adjusted. This extra facility is used to 
control the laser power. Care has to be taken, however, since a slight misalignment 
of the OAM can cause a displacement of the laser beam, effecting a mismatch of the 
laser beam with the molecules. In double resonance experiments with two almost 
perfectly counterpropagating lasers, interference from a chopped laser-1 beam with 
the OAM which serves as frequency shifter for laser-2 should be avoided. The shift 
efficiency is affected causing a modulating effect of the laser-2 beam intensity which 
should be constant. 
The rise-time for the frequency shift to take place is 100 nsec which makes it 
possible to modulate the laser intensity up to 1 MHz. A continuous pulse train 
with a pulse width of Ідэес can be produced preserving the high quality TEM0o 
laser beam mode. This can only be used in combination with high-speed detectors 
to monitor e.g. relaxation processes in low pressure bulk measurements. 
1.2.4 Digital data-acquisition 
New in the experiment is the digital data acquisition based on a Keithley A/D 
converter (KDAC500, Keithley Instruments) with a 12 bit vertical resolution. The 
bolometer signal, the HeNe fringes signal and the signal obtained from a satu­
ration dip could be recorded simultaneously. The zeros of the sinusoidal HeNe 
fringe pattern are transformed into spikes with the relation 1/(|5| + V), with S 
the transmitted signal and V any arbitrary non zero value. The recorded spectrum 
is linearized between two successive spikes with a frequency distance of 4.5 MHz. 
The linearity of the laser scan was better than 10% between two successive spikes. 
The saturation dip was obtained from the fluorescence signal of a C 0 2 filled cell 
resulting from a partially splitted laser beam. With this absolute frequency marker 
different recorded spectra could be compared with an accuracy of better than 1 
MHz. 
1.2.5 Double resonance techniques 
The main disadvantage of using CO2 lasers is the scarce number of lasing transitions 
separated by about 45 GHz. With the tuning range of 1 GHz discussed above, only 
2% of the spectral range can be covered. The use of the 1 3 C 0 2 isotope and N 0 2 
increases the number of laser lines by a factor of 2. 
In case of multi-photon transitions the spectral range can be extended utilizing 
double resonance techniques. If two lasers with frequencies v\ and 1/2 are brought 
in overlap with the molecular beam simultaneously, a mixing of laser frequencies 
takes place due to the non-linear response of molecules to the laser field radiation. 
The sum frequency
 зот
. = щ \ + n2f2 becomes available creating a new spectral 
area. In table 1 the frequency combination for щ = n 2 = 1 is indicated for four 
different C 0 2 laser lines. The · mark the spectral intervals if only one laser is 
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saturation dip signal 
Η·Ν· fringas 
Figure 1.6. Frequency scale calibration utilizing HeNe fringes and the CO2 saturation dip 
signal. The HeNe laser fringe zeros are transformed into spikes providing well resolved 
frequency markers every 4.5 MHz. The FWHM of the saturation dip (dashed curve) is 
about 1 MHz. 
used, the χ indicate the extra number of spectral intervals. In case of three- and 
four-photon transitions with (ni,7i2)=(l,2), (2,1), (1,3), (2,2), (3,1) the number of 
spectral intervals increases rapidly, depicted in the right side of the table. Besides 
the increased spectral scope also the laser intensity is increased by a factor of two 
in case of equivalent laser intensities. 
laser lines 






















Tabie 1. Increase of the spectral interval due to double resonance techniques. 
On the ¡eft side the line combinations for two different overlapping laser beams 
are depicted. On the right side the number of spectral intervals is listed for 
multi-photon transitions. The values are compared to the spectral interval in 
case of only one laser. 
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Chapter 2 
Selective excitation of AC-Stark shifted levels by 
Rapid Adiabatic Passage 
A.F. Linskens, N. Dam and J. Reuss 
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Toernooiveld, NL-6525 ED Nijmegen, Netherlands 
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Abstract 
For a molecular two-level system the initial population is redistributed under in­
fluence of a resonant laser field which couples the two levels resulting in dressed 
energy states. The redistribution of the population is sensitive to the geometry of 
the applied laser field, e.g. Rapid Adiabatic Passage (RAP) processes may occur in 
case of curved wave fronts; for the RAP case population inversion is created after 
the molecule-laser interaction. 
The population of the individual dressed states can be probed making use of 
the AC-Stark effect. An intense laser field results in a shift of the dressed states 
which now become spectroscopically distinguished. By making a proper choice 
of the probe laser frequency, the shifted energy levels are probed by transitions 
either between various dressed states or to a third, almost unperturbed level. The 
selective population of the dressed states is demonstrated for both cases. 
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2.1 Introduction 
Selective excitation of a specific molecular transition with population inversion 
has been demonstrated utilizing the Rapid Adiabatic Passage (RAP) phenomenon. 
For molecular beams the RAP process depends on the geometry of the applied 
laser field(s). In a one laser field interaction population inversion can be achieved 
by 'chirping' around the resonant frequency. In interactions of strongly focussed 
IR laser beams with molecular beams this process even is almost unavoidable as 
a result of curved wave fronts of the laser beam; molecules passing through the 
interaction region undergo wave front curvature as a frequency chirp by virtue of 
corresponding Doppler shifts. Inversion-by-chirping is demonstrated for one-photon 
transitions [1, 2, 3, 4] as well as for two-photon transitions with a nearly resonant 
intermediate level [4]. Making use of picosecond frequency-swept lasers [5] popula-
tion inversion has also been demonstrated. -With the use of two different partially 
overlapping laser fields in an anti-intuitive way inversion of population occurs from 
the groundstate to the final coupled state; the (nearly) resonant intermediate level 
remains unpopulated [6, 7, 8]-. In this paper we discuss the effect of RAP process 
in a two level system which is resonantly pumped and experiences a level shift 
resulting from the AC-Stark effect. 
The population of the pump-laser-coupled-levels under chirping conditions fol-
lows adiabatically the evolution of the initially populated level. Under normal RAP 
processes it is understood that the eigenstate of this level changes e.g. from \a) 
to \b) while the population remains constant and thus experiences an inversion; 
after having passed through the laser interaction zone all molecules are found in 
the excited |6) state. In this paper probing of the RAP process occur halfway the 
adiabatic change of population. The pump laser interaction is investigated right at 
the center of its focus where the pumped levels are dressed at maximum and where 
a stationary situation prevails. 
To probe the population of the AC-Stark shifted levels a third level is utilized, 
see right part of fig. 1. The pump field is on resonance with the transition between 
the initial and first excited level which is then probed by a transition to a third 
(almost) unperturbed level i.e. a level not influenced by the pump field; the scheme 
is equivalent with the Autler-Townes setup [9]. Experiments in the IR utilizing this 
probing technique (with flat wave fronts) were first reported by [10, 6]. 
Using the curvature of wave fronts of the pump field to obtain the typical RAP-
geometry we show that the Stark shifted levels can be selectively and for nearly 
100% populated. Further, it is demonstrated that for very intense pump or probe 
fields the RAP-process ceases to occur. This breakdown of the RAP process has 
been discussed in [11, 12, 13]. 




. (J=3.n=1) . 
(J=4.n=0) 
Q(3)E Ihv 10Ρ16 + 9ΘΜΗΖ 
P(4)E Ihv 10P16 + 250MHZ 
Figure 2.1. Two and three level pump-probe scheme. The pump laser action is indicated 
by the open arrow. The probe arrangements on the left depicts the two level probing 
scheme. The probe arrangement on the right follows the Autler-Townes prescription. The 
probe lasers are indicated with solid arrows. The three level system is spectroscopically 
labeled on the right. The frequency detunings are given with respect to the 10P16 CO2 
laser line frequency. The number η indicates the vibrational level in the 1/3 mode and J 
the rotational quantum number, for SFg. 
2.2 Theory 
2.2.1 The dressed state model 
In the Dressed State Model [14] the eigenstates of the coupled system molecule-
laser field, the Hamiltonian of the two level system is described on a basis of bare 
molecular eigenstates and photon number states; the photon number states are 
provided by a dressing pump laser field. The bare eigenstates of the molecule 
are given by the groundstate \a) with energy E
a
 and the excited state \b) with 
energy Еь. When the molecule-photon coupling is neglected the eigenfunctions of 
the Hamiltonian are formed by the nearly degenerate doublets S(N) 
€{N) = {\a,N),\b,N-l)} (2.1) 
|o, N) and |6, N — 1) denote the components of the doublet formed by the molec-
ular eigenstates |o) and |b) with N and (І — 1) number photons, respectively. 
The coupling between two components of the manifold which is responsible for 
absorption and stimulated emission yields the off-diagonal elements 
vN = (b,N-l\VML\a,N) = 
Ш ab (2.2) 
where VML contains the transition dipole moment operator а
а
ъ describing the in­




bE0/h is the Rabi frequency with £0 
for the pump laser field amplitude. Due to this coupling the degeneracy present in 
case of resonance is lifted yielding two new energy states | 1(N)) and | 2(N)), the 
so-called coupled dressed states (see also fig. 2). If the detuning of the pump laser 
frequency from resonance with the one-photon transition is taken into account the 
coupled dressed states are separated in energy by 
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htì = hy/sl + Ülk (2.3) 
with δι = ωι — ωο where UL the laser frequency ала ωο the resonance frequency. 
By convention the dressed state with lowest energy is denoted as | 2(N) >. Solving 
the eigenvalue equation one obtains for resonant pumping 
|1(JV)> = ±y/2\a,N) + ±>/2\b,N-l> 
\2{N)) = \sÌ2\a,N)-\s/2\b,N-\) (2.4) 
The factor 1/2 \/2 denotes the amplitude of the mixing of bare molecular eigenstates 
\a) and |ö) in the dressed eigenstates. In fig. 2 the evolution from bare molecular 
eigenstates to dressed eigenstates is depicted. 
Utilizing a second laser with low intensity as a probing field the transitions 
between two successive manifolds S(N) and £(N + 1) can be probed; for initial 
N pump laser photons the manifold £(N) has to be considered. The probing field 
can connect the states \a,N) and \b,N) belonging to different manifolds since 
no pump photons are annihilated or created in the molecule-plus-pump-photon 
system. Each of the four dressed levels (dressed states in fig. 2) contains |o) & |6); 
therefore, four transitions can be induced, in principle, at respectively zero-, red-
or blue-shifted frequencies. The one-photon operator responsible for the transition 
probabilities between two dressed states of different doublets ([¿(І )) and |j(7V+l)), 
with (i,j = 1,2)) can be defined with respect to the uncoupled basis of the manifold 
ε(Ν) 
Ô = \b,N)dab(a,N\ (2.5) 
The possible transitions can be characterized either by absorption or by (stimulat-
ed) emission depending on the population difference between the dressed states. 
2.2.2 Population considerations 
In case of suddenly switching-on the resonant dressing field the population of the 
two dressed levels within the doublet £(N) becomes equally distributed over the 
two eigenstates of eq. 4, in a coherent superposition which leads to Rabi oscillations. 
Similarly if the pump laser is (slightly) off resonance, a superposition state is created 
with unequal populations of the two doublet-states and with a Rabi oscillation 
frequency described by eq. 3. 
In our actual case, however, we are far from this sudden-switch picture. The 
pump laser possesses a Gaussian beam intensity profile with a rather extended waist 
of about 5 mm. Deliberately the minimum waist was not made to coincide with the 
molecular beam so that curved wave fronts were obtained with their chirping effect. 
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bare uncoupled dressed manifolds 
states states states 
la.N+1> 
,b> = ,;::> =: н I*E «N+D 
— la,N> ^ | | T Ô E ^ ( N ) 
lb,N-1> ^ ς < l ч ' 
Figure 2.2. from bare states to dressed states, for a nearly resonant pump field. The 
coupled dressed states |l(iV)) and 2\(N)) consist of a mixture of the uncoupled dressed 
states |o, N) and |6, N — 1), see eq. 4. The wavy arrows represent the weak probe laser 
interactions. ЛП„ь is the energy shift determined by the strength of the pump laser. 
As a result the two doublet levels have an energy difference 6E varying during the 
time of interaction like 
SE = hy/PL(t) + ttlb(t) (2.6) 
with 
/ vt \2 
(Ì и • En • p - 1 ^ ' 
6L = 6L • t and Í U = йаЬ \ е — , (2.7) ft 
where 6i(t) the in time varying laser detuning due to the curved wave fronts and 
the Rabi frequency Ω
α
(, expressed for the Gaussian intensity profile. 
The important point is that the two levels never meet; their minimum distance, 
for t = 0, amounts to hiìab- A molecular system treated sufficiently gently passes 
through the laser interaction zone adiabatically, i.e. without changing its level. 
However, the eigenfunction belonging to this level changes, e.g. from \a) to 
|6). Consequently, the molecular system adiabatically has changed and is found 
after the interaction completely inverted; the population of state \a) is transferred 
to state |6) without losses. The magic of this phenomenon consists of the fact 
that the characterization of the dressed states |1(JV)) and \2(N)) is interchanged 
during the pump laser interaction with the molecule, eg \a,N) —* \b,N - 1) and 
\b, N — 1} —» \a,N). This phenomenon is well described in [3, 12]. 
If a bare state |c) is introduced off resonance with respect to the \a)—* \b) 
transition, the energy levels \a) and |6) connected by the strong pump field can 
be probed by coupling the molecular state |6) to the final state \c). This probing 
scheme leads to the Autler-Townes effect; it is experimentally demonstrated by 
e.g. [10] and theoretically described in the dressed model in [14]. 
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In the Dressed State Model the third molecular eigenstate \c,N - 2) with 
differs by —2Δ from the nearly degenerate doublet \a,N) and \b,N — 1), with 
E
a
 + Ihv — EC = 2A. The manifolds now consist of triplets which contain the three 
levels |a, N), \b, N — 1) and |c, N — 2) taking only the pump laser into account. 
The detuning Δ must be small enough to be able to neglect all other bare states, 
in comparison; it must, however, be sufficiently large to be able to neglect coupling 
and shifts by the dressing pump laser. Probing transitions can only take place 
between the uncoupled states |&, ΛΓ) and \c,N) which contribute to the coupled 
dressed states of S (Ν + 1) and £(N + 1), respectively. 
The one-photon operator responsible for the transition probabilities between 
the dressed states \b, N) and \c, N) is defined with respect to the uncoupled basis 
of the manifold £{N) 
Ô = \c,N)dbc(b,N\ (2.8) 
with dbc the transition dipole moment coupling the levels \b) and |c). 
The special feature of the following investigation is related to the fact that the 
probe laser interacts while pumping and dressing takes place at maximum pump 
intensity (t = 0). This means, the AC-Stark effect is probed at the center of the 
Gaussian pump laser beam. Since chirping is applied, the adiabatic passage is 
tested at the critical stage of minimum distance of the dressed states |α, N) & 
|6, N — I). The population is in the lower (upper) of the two states for a chirp with 
increasing (decreasing) frequency, arising at resonance for t = 0. 
2.3 Experimental Setup 
The investigated two and three level schemes permit two successive one-photon 
transitions in the vibrational vz ladder of S Fe (see right part of fig. 1). In the 
three level case the го-vibrational transitions are assigned as P(A)E, vz = 1 «— 0 
and Q(3)E, 1/3 = 2 *— 1 [4, 15]. The transition frequencies with respect to the 
10P16 C02 laser line (at 28412590 MHz [16]) are, respectively, +250 MHz and +98 
MHz for the one-photon transitions. Prom here follows 2Δ=152 MHz. The lasers 
can be brought in resonance with these transitions making use of Opto Acoustic 
Modulators (OAM) which shift the laser frequency by 100 MHz per pass. The 
loss of 50% of laser intensity due to a shift was compensated with a home built 
waveguide amplifier. 
The general experimental set up consists of the molecular beam machine and 
two home built C 0 2 waveguide laser systems which are locked to stable Fabry-Perot 
Interferometers (FPI). For detection, a liquid helium cooled bolometer, sensitive to 
the change of energy in the molecular beam, is used together with Lock-In tech­
niques; the Helium bath was pumped down to ~ 1.5 K. With a mechanical chopper 
the intensity of one of the interacting lasers was modulated. The experimental set­
up has been extensively described in [17, 4]. 2% SFe was seeded in He, expanded 
AC-Stark and RAP processes 19 
TWO LEVEL PROBE 
t=to 















/ P U M P LASER \ / P U M P LASER \ 
Figure 2.3. AC-Stark Rapid Adia.ba.tic Passage scheme in a two ¡eve! system utilizing 
different probing techniques. The drawn level scheme corresponds to the perpendicular 
passage of the beam molecules through a diverging pump laser beam. At t = to the 
energy difference between the two dressed states is given by ΗΩ (eq. 3). On the /eft 
side the population remains in the dressed doublet level with highest energy due to the 
adiabatic passage; the character of the coupled dressed state, however, changes from 
\a, N) <-» |6, N — 1) (or from \a, N + 1) «-» \b, N) during interaction with the curved wave 
fronts of the pump fìeld. This results in population inversion \a, N) —» \b, N — 1). The 
similar discussion holds for the doublet with N+l photon numbers. But at t=0 the probe 
laser couples the various dressed levels. For the red and blue shifted probe transition the 
inverted dressed state population pass into the unpopulated states (wavy arrows). On 
the right side the dressed states of one doublet are coupled to an almost unperturbed 
third level. Coupling of the dressed state which bears the initial population leads to 
an increased absorption, whereas the unpopulated dressed state effects no absorption 
neither emission processes. Whether the probe laser acts by stimulated emission (left) or 
by absorption (right), the result is de-excitation of molecular vibration because in both 
cases the level \o) is reached which contains no vibrational energy. Remember that in 
the experiment the bolometer responds the presence of vibrational energy by a positive 
signal. 
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to form a molecular beam with a 30 μπι nozzle under stagnation conditions Po = 
1500 Torr and T 0 = 300 K. 
2.3.1 Pump and Probe field interaction regions 
To probe the effect of the pumping field with respect to energy shifts and population 
the pump laser was brought in resonance with the P(4)E one-photon transition. 
By a cylindrical lens the pump laser was focussed forming an elongated waist along 
the molecular beam resulting in a laser beam slowly diverging in the horizontal 
plane suspended by the laser beam and the molecular beam axis The length of the 
interaction zone was 10 mm. For this alignment RAP type transitions take place 
due to the curvature of the laser beam in horizontal direction. The probe laser has 
been focussed to a minimum waist diameter of 0.5 mm. Its radiation intersects the 
molecular beam at a right angle, too; the probe laser propagates anti-parallel to 
the direction of the pump beam. 
The two laser beams cross each other under a slight angle to avoid disturbances 
due to mutual influences. This introduces a net Doppler shift of about 2 MHz 
for the observed line frequencies. For the non saturated two-color two-photon 
feature (2hv P(4)E transition [15]), the absorption signal is strongly sensitive to 
the positions of the two laser foci, even for the extended pump laser focus obtained 
with the cylindrical lens. Due to this fact the waist positions of the laser beams 
with respect to the molecular beam could be well aligned. 
For the actual measurements the pump laser was tuned into resonance with 
the P(4) one-photon transition, varying its power from P=30 mW (Ω
ρ ΐ ί π ι ρ
/2π=2.6 
MHz) to P=2.0 W (Ω
ρ ΐ ί 7 η ρ/2π=20 MHz) withn ; o a e r . the Rabi frequency for the 
pump laser. Although no stabilization is available for this transition the frequency 
drift of the laser-ctalon combination could be kept within a few 100 kHz during the 
scan time of the probe laser. The drift velocity was deduced from the time in which 
the absorption intensity was decreased by a factor 2, e.g. HWHM of the Doppler 
profile. After each probe scan the pump laser frequency was adjusted if necessary. 
The intensity of the pump laser could be varied with a brewster plate attenuator 
(range .01%-100%). 
2.4 Results & discussion 
2.4.1 Probing of the two level scheme 
Before we turn to the three level scheme, the RAP consequences are discussed here 
for the situation of the left side of figures 1 & 3. The probe laser frequency was 
tuned over its full spectral range with the OAM-shifted-center-frequency of +200 
MHz with respect to the 10P16 CO2 laser line. The (circular polarized) probe beam 
was chopped. The spectrum was recorded for a pump power of 2.0 W yielding a 
Rabi frequency Ω
ρ ι 1,η ρ/2π=20 MHz. The spectrum is shown in fig. 4. 
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Figure 2.4. The probe laser signal with pump laser off (dashed trace) and pump laser 




/2π = 20MHz; the probe laser, 
set at the 10P16 laser line, is chopped. The pump laser, on resonance with the P(4)E 
one-photon transition at an unperturbed transition frequency of 250 MHz with respect 
to the 10P16 laser line center, creates population inversion due to the curvature of the 
pump laser wave fronts. The zero base line is the energy of the molecules resulting from 
the interaction with the pump laser creating population inversion. The different spectral 
one- photon components are indicated. 
The dashed trace is the spectrum without pump interaction. Its jVi-like line 
shape for one-photon transitions follows from the interaction geometry of the fo-
cussed probe laser with the residual Doppler wings of the molecular beam [1]. 
The sharp probe focus produces two different excitation processes with the beam 
molecules. The molecules travelling on-axis encounter flat wave fronts and Rabi 
type transitions take place. The molecules travelling off-axis, i.e. in the residual 
Doppler wings, encounter curved wave fronts and experience inversion due to the 
RAP phenomenon. 
The solid trace shows the spectrum with pump laser on; the base line indicates 
the bolometer signal resulting from the population inversion of the P(4)E one-
photon transition produced by the (unchopped) pump laser. Due to the action 
of the probe laser the inverted dressed state population becomes depopulated, see 
left side of fig. 3; the pump laser inversion process is undone yielding less energy 
in the molecular beam and thus a negative bolometer signal. The negative signal 
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is centered around the P(4)E transition frequency. Due to the strong pump field 
the levels are shifted, yielding a red and blue shifted resonance frequency for the 
probe laser. For both the red and blue shifted probe transitions inverted levels are 
involved. Consequently the negative signal appears as well on the blue side as on 
the red side of the unperturbed transition frequency. 
The five different |M|-components have their own transition dipole moments 
giving rise to |M|-level splitting. M denotes the projection of the angular momen-
tum on the molecular z-axis for the P(4)E one-photon transition, i.e. |M|=0,1,2,3,4. 
The most shifted negative feature is assigned to the M=0 sublevel with the largest 
transition dipole moment of 0.27 D; the least shifted feature is assigned to the 
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Figure 2.5. Three level system showing RAP-invcrsion (¡eñ part) and a transition under 
Ra.bi regime (right part). The P(4) one-photon transitions, with the E component at 250 
MHz (lower abscissa) and, for a fixed pump laser detuning at 250 MHz, the Q(3)E one-
photon transition at 98 MHz (upper abscissa). The pump laser is chopped and focussed 
by a cylindrical ¡ens (Ώ
ρ
,,τηρ/2π= 100 kHz). As a result of the population inversion the 
P(4)E signal is twice the absorption signal for the Q(3)E transition resulting from the 
sharply focussed probe laser ( Ώ
ρ Γ 0 ^ / 2 π =2 MHz) 
This yields a shift-ratio between most and least shifted M component of about 1.7 
which is in acceptable agreement with expectation. The pump field Rabi frequency 
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for the |M|-averaged transition dipole moment of 0.21 D amounts to Ω/2π=20 
MHz; the observed shift of 22 MHz for the M = 0 component possesses thus a 
reasonable absolute value, too. 
In fig. 3 some aspects of these frustrated RAP processes are discussed in the 
dressed state model. The in first instance surprising feature is that both actions of 
the probe laser, the absorption for the red shifted transitions and the stimulated 
emission of the blue shifted transitions, lead to the negative bolometer signals of 
fig. 4. Since the bolometer detects by positive signals the number of molecules in 
the \b) state. This number decreases thanks to the action of the probe laser. 
The 15 MHz broad structure at a probe detuning of about 210 MHz arises 
from a shifting of the other one-photon components, the P(4)Fi and the Ρ(4)Αχ, 
respectively, with an unperturbed resonance frequency of 238 and 222 MHz. Since 
these features are too far off resonance to create RAP inversion the bolometer signal 
remains positive. Shifting and splitting of the P(4)E two-photon transition at 174 
MHz is discussed in separate papers [18, 19]. 
2.4.2 Three level scheme 
The pump laser couples the levels (n = 0, J = 4) h (1,3) through the P(4)E one-
photon transition, at a pump detuning of 250 MHz (left part of fig. 5); the probe 
laser couples the levels (n = 1, J = 3) & (2,3) in the successive Q(3)E one-photon 
transition, at a probe detuning of 98 MHz (right part of fig. 5). The detunings 
are given with respect to the CO2 10P16 line center. Both lasers with a laser 
power of lmW interact simultaneously with the molecular beam. The pump laser 
is chopped; an observable probe laser effect stems from a combined pump-probe 
interaction for the left part of fig. 5. Again the pump laser is focussed by the 
cylindrical lens and the probe laser by the spherical lens leading to the factor of 20 
between the corresponding Rabi frequencies (caption of fig. 5) 
The absorption induced by the probe field has a strength agreement with the 
expected signal; the sharp probe focus without curvature in the interaction zone 
creates Rabi oscillations. This result in a signal increase of 50% as compared to 
the population inverting pump laser. The FWHM for the P(4)E and the Q(3)E 
are determined by the Doppler residue of the molecular beam (~ 1 MHz) and the 
interaction time broadening (~ 2.0 MHz for the sharp probe focus). 
The results from probing the second step in the three level system are shown in 
fig. 6. The observed frequency shift for increasing pump laser power are shown for 
a probe field powers of 2 mW (Ω
ρΓ
οοε/2π = 4 MHz). The probe laser is scanned 
around the unperturbed Q(3)E resonance frequency. For increasing pump powers 
only one feature is observed, shifting to the red. The absence of the blue shifting 




/2π=20 MHz) the blue shifting 
feature starts to appear which can be explained from a non-completely inverted 
system, and thus indicating the break down of the RAP process. 
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Figure 2.6. Two-level RAP process probed by a triuisition to a third level. Tbe absorption 
signals of the Q(3)E one-photon transition are shown for increasing pump field Rubi 
frequencies. The used probe field power was 2 mW (П
рго
ье/2п =4 MHz). The pump 
field Rabi frequencies are indicated on the ordinate. The probe laser detuning is given 
with respect to the 10P16 laser line. The absence of the blue shifting feature results from 
the RAP-type interaction of the diverging pump field with the molecules. For highest 
pump field Rabi frequencies the blue shining feature starts to appear. 
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nique demonstrates that only one of the two coupled dressed doublet states is 
populated. One dressed level bears the initial population and gives rise to an en­
hanced absorption probing to the third |c, N) level; the other dressed level (shifting 
in an opposite direction) remains unpopulated, thus leaving no trace by emission 
or absorption, see right side of fig. 3. With this result our demonstration of the 
RAP process in fragrante delicto is completed. 
In fig. 7a the results are shown for a higher probe laser power of 50 mW 
(П
рго
ье/27г = 18 MHz). The blue feature starts to appear already for low pump 
powers. For П
р и т р
/27г above 2.0 MHz a splitting is observed for the blue shifting 
component. The observed splitting of about 1.0 MHz is attributed to the AC-Stark 
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Figure 2.7. Break-down of RAP. In fig. Τ the effect of a. strongly increased probe field 
intensity (Siprobe/lir = 18 mllz) is shown. The blue shifting feature results from a 
population re-distribution in both dressed states, effected by the strong probe field. In 
fig Τ the absorption signal for the blue shifting component is plotted for increasing probe 
field powers. This ¡s done for different values of the pump laser power. 
The red component is not split up into different M-sub levels and gets broad-
ened. Apparently the dressed state which remains initially unpopulated in the 
absence of a probe field becomes coupled and mixed under the influence of the 
high intensity probe field. In fig 7b the absorption signals for the blue shifted com-
ponent are plotted for increasing probe power for different constant values of the 
pump field Rabi frequency. A threshold is observed for low pump fields indicating 
the minimum probe field strength for which the RAP process gets disturbed. We 
have not attempted to explain this threshold behavior; it seems to mark the limit 
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of applicability of the dressed state model. 
2.5 Conclusions 
A sensitive probing of the Rapid Adiabatic Passage process at the critical point 
near the level crossing has been demonstrated. Pumping the two-level system on 
resonance produces four coupled dressed states. The population of the dressed 
energy levels is tested with a weak probe field. Utilizing the AC-Stark effect the 
coupled dressed states are spectroscopically resolved. 
In case of a three level system the population in the coupled dressed states is 
probed to a third, almost unperturbed, level. From the observation of only one 
AC-Stark shifted feature for strong pump laser intensity, the selective population 
of the dressed states is evident. For both high pump and probe laser intensity the 
RAP process ceases to occur. 
In case of the Autler-Townes probing scheme the RAP effect is confirmed and 
surprising aspects are discussed in terms of the dressed state model; both stimulated 
emission and absorption of a probe laser photon lead to vibrational de-excitation 
of the participating molecules. 
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Abstract 
A system is described in which a real molecular state tuned into and out of reso­
nance with the intermediate level of a two-photon transition, by the laser induced 
AC-Stark effect. Two narrow band CO2 waveguide lasers are utilized to induce 
rovibrational transitions in the y3-ladder of SF 6 . A weak probe laser monitors the 
absorption for the |a)—>|c) two-photon transition. Simultaneously, a strong pump 
laser is in resonance with the |a)—>\b) one-photon transition. 
The AC-Stark splitting is observed and quantum interferences between two-
photon amplitudes of the intermediate states occur. It is demonstrated that de­
structive interference allows to suppress the two-photon excitation for an appro­
priate pump laser power. Simulations based on the Dressed State Picture and the 
optical Bloch equations show a satisfactory agreement with the experiment. 
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3.1 Introduction 
The energies of molecular eigenstates are sensitive to influences of an electromag-
netic field, i.e. they show the AC-Stark effect. There are several ways to observe 
the AC-Stark effect induced by a laser field [1, 2, 3, 4, 5]. A well established 
technique is pumping two levels with a strong pump field on resonance and using 
the fluorescence- or the ionization channel to make the Stark effect visible. No ex-
tra non-linear effects due to multiple photon interactions are introduced, utilizing 
these techniques. In a rovibrational three level system use can be made of double 
resonance techniques: a strong pump laser can couple two energy levels of which 
one is probed with a second weak laser field close in resonance with a third level 
[2, 6, 5]. 
The three level scheme described in this paper differs in a fundamental way. A 
one-photon and a two-photon transition, both starting from the same ground state 
level, are acted upon respectively by a pump and a probe field. The one-photon 
pump field in resonance with the intermediate level of the two-photon probe tran-
sition strongly influences the two-photon transition probability. The occurrence of 
strong interference effects due to the possible pathways all visiting different interme-
diate states will be demonstrated. The precise energy position of the intermediate 
states which determine the transition strength for the various pathways depends 
on the strength of the pump laser. By making a judicious choice of the pump field 
intensity the interference between pathways can be controlled. Similar coherence 
control schemes have been proposed by Chen et al. [7]. The sign of the intermedi-
ate detuning plays a dominant role and leads to either destructive or constructive 
interference. 
For a quantum-mechanical description of the system the time independent 
Dressed State Picture is used [8]. In this manner the system can be treated in 
a rather simple way, producing a clear physical picture. We look at these dressed 
states as being stationary while the probe laser acts on the system. The dressing 
pump laser greatly changes the amplitudes of the bare molecular states constituting 
the dressed eigenstates. The drastic consequences are experimentally investigated. 
Due to the Gaussian intensity profile of the laser beam the molecules traversing 
the laser field undergo a time dependent dynamical shifting of energy levels. An 
alternative model that takes into account the Gaussian laser beam profile, the pop-
ulation transfer and the different angular momentum M-sublevels is based on the 
optical Bloch equations [9, 10]. The two approaches are shown to give equivalent 
results. 
3.2 Theory 
The AC-Stark effect can be described with the help of the Dressed State Picture [8]. 
The theoretical model for the three level system is developed for the case of a two-
photon transition sharing its initial level with the pumped one-photon transition 
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probe =o p(4)E 2hv 10P16 + 174 MHz 
pump = » P(4)E 1hv 10P16 + 250MHZ 
{Q(3)E1hv 10Ρ16 + 9ΘΜΗζ} 
(J=4,n=0) 
Figure 3.1. Three level system in SFe with |a), \b) and \c) the ground, intermediate 
and finai state, respectively. The dashed arrows indicate the probe laser frequency, 
Ш2, resonant with the two-photon transition. The open arrow stands for the pump 
laser frequency, ωχ, resonant with the one-photon transition. The detuning 2πΔ = 
ωχ — Ш2 is indicated. The assignment of the transitions is listed on the right with E 
the overall symmetry, J the rotational quantum number and η the number of quanta in 
the vibrational з mode. The transition frequencies are given with respect to the 10P16 
COî-laser line. The braces designate the transition \b) —» |c). 
(see fig. 1). It is shown that destructive- and constructive interference strongly 
affects the two-photon transition probability. The strong pump laser and the weak 
probe laser interact simultaneously with the molecules. The boundary conditions 
in this description are that the population initially is in the ground state, that the 
probe laser does not influence the energy levels and that both pump and probe 
laser are stationary in time. 
The bare eigenstates of the molecule are given by the groundstate |a) with 
energy Ea, the intermediate state |6) with energy Еь and the final state \c) with 
energy E
c
 (see fig. 1). In the Dressed State Picture the Hamiltonian of the three 
level system exposed to the pump laser radiation is described in a basis of the 
eigenstates of the combined system, molecule & laser field, made up of the bare 
molecular eigenstates |o), \b) and |c) and photon number states \N); the photon 
number states provide a dressing (pump) field. When the molecule-photon coupling 
is neglected the eigenfunctions of the Hamiltonian are formed by manifolds ε(Ν) 
which are in this case nearly degenerate triplets 
S(N) = {\a,N),\b,N-l),\c,N-2)}. (3.1) 
The uncoupled dressed states | α, Ν), | ο, N — 1 ) and | c, N — 2) denote the components 
of the triplet formed by the molecular eigenstates |o), |ò) and \c) with N, (N — 1) 
and (N — 2) photons, respectively. 
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In our three level system the molecular energy levels о and b are coupled by 
a resonant pump field; the latter also couples the energy levels b and с but now 
detuned in frequency by 2Δ. The weak probe laser acts on the two-photon transi­
tion |o)—>|c) and the probe laser frequency is detuned from the single one-photon 
transition |a)—+|6) by the intermediate detuning Δ indicated in fig. 1. 
The pump field induces a coupling between the three components of €(N) which 
gives rise to the three coupled dressed states |l(iV))> |2(iV)) and |3(7V)). By conven-
tion the coupled dressed state |3(iV)) is the one with lowest energy. The coupling 
Hamiltonian can be written with respect to the uncoupled basis in a matrix equa-
tion from which the amplitudes of the uncoupled states to form coupled dressed 
eigenstates can be derived. If only the electric dipole transitions in the Rotating 
Wave Approximation (RWA) are accounted for, the Hamiltonian Ti acting on the 
triplet £(JV) including the coupling between the sublevéis takes the form 






 о *η, 
§П 6 с -4πΔΛ / V о 
(3.2) 
where Ω
ι ; is the one-photon Rabi frequency associated with the transition between 
the bare states г and j , that is Ω,^ = di:iEo/h with EQ the intensity of the pump 
field of N photons and ά4 the magnitude of the electric transition dipole moment 
between levels г and j . Note that the Rabi frequency is given in circular frequencies 
(rad/sec), whereas the 'spectroscopical' parameters Δ and the eigenstates of H, e t, 
are given in frequencies (1/sec). To find the new energy values 2xftet and the 
eigenfunctions the matrix equation has to be solved 
det\H - 2vhtJ\ = 0, 
(H-2irhetI)\i(N)) = 0, (3.3) 
\i(N)) = a
x
\a,N) + ßl\b,N-l) + ji\cyN-2), 
with г = 1,2,3. The dressed eigenstates |t(iV))t=o,i,2 are expressed in a mixing of 
the uncoupled states and a,,/?, and 7, represent the normalized mixing amplitudes 
for a given energy 2nhet. The analytical expression for the eigenvalue equation is 
obtained straightforwardly from eq. (3) as 
4^6? + β π - χ Δ - *.ί& ί & (e, + 2Δ) = 0. (3.4) 




b, that is, Ω^ = ρΩ
α
(, = ρίϊ the eigenvalue equation can be 
written as 




, ( ^ + 1) + 2Δ, 
The exact solutions, illustrated in fig. 2, show the triplet energies for a range of 
pump field Rabi-frequencies Ω. 
Ι ι I ' I ' I ' ι — • — Γ 
20 40 60 Θ0 100 120 140 160 
np u m p/2n [MHz] 
Figure 3.2. Energies e, of tbe coupled dressed states \i(N))t=1,2,3 of the E(N) triplet for 





For weak pump fields the levels |1(JV)) and |2(7V)) are mixtures of the uncoupled 
states \a, N) and \b,N — 1), whereas level |3(7V)) remains a pure \c,N — 2) state 
since it is too far off resonance to be 'contaminated' by \a,N) or \b,N - 1). For 
strong pump fields the levels |2(2V)) and |3(./V)) repel each other, leading to an 
avoided crossing between the two levels; after this point the mixing character of 
|2(JV)) and |3(7V)) becomes interchanged. For very high pump fields (Ω » 4πΔ) 
this results in a simple situation (similar to the two level case), that is the dressed 
states |1(7V)) and |3(iV)) repel each other while the dressed state |2(ΛΓ)) remains 
unchanged due to compensating repulsion from |3(iV)) and |1(ЛГ)). 
To find the contribution of each uncoupled state to the dressed coupled eigen-
states, eq. 3 is solved. The amplitudes are expressed in terms of eigen energies 
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2jrfte, and the Rabi frequency Ω. The general expression for the eigenstate func­
tion written in terms of the uncoupled states is 
I««)) = ¿ ¿-ΚΛΓ)
 + Κ,,ΛΓ-Ι) + j-^S--^.*-,, (3.6) 
with Л/і a normalization factor. Amplitudes are listed in table 1. The numbers 
in this table express the normalized contribution of the uncoupled states \a,N), 
\b,N — 1) and \c, N — 1) to dressed state \i(N)) with an energy shift 2îrfte,. To 
obtain a qualitative picture of the rearrangement of states some examples of the 
mixing contribution are given for Ω = 0, πΔ, oo. The subscript + or — indicates 
whether the amplitudes increase or decrease for increasing Rabi frequency Ω. For 
almost zero pump field intensity (Ω —• 0) the three level system approaches the two 
level case. For zero pump field the two uncoupled dressed states become degenerate. 
Ω -» 0 MHz Ω = πΔ MHz Ω -> oo MHz 
a β "i a ß j a β 7 
|1(JV)> l>/2- \>fi+ 0+ .68- .72+ .12+ \^ζ \sß \уД(,в 
|2(Л0) -\\fi- \yß- 0+ - . 7 3 - .65- .21+ £< 0 С 
|3(ЛГ)) 0_ 0+ -1+ -.07- .23+ -.97+ -¿ \ /2С è s/2 -\уДС, e 
ТаЫеІ. Amplitudes for coupled dressed states \i(N)),eq. 6, of the triplets (Ν), 
α,β and 7 are the amplitudes of the uncoupled dressed states \a,N),\b,N — 1) 
and \c, N — 2), see eq. 3. Tie positive or negative increment for increasing Rabi 
frequencies is indicated by the subscripts + or —. For Ω —• oo, ζ stands for 
1/v^l + Q2- For Ω = πΔ, the shown amplitudes correspond to ρ = 1. 
Increasing the pump laser intensity to Ω = πΔ, the amplitudes of the uncoupled 
dressed states are shown for ρ = 1, in table 1. For increasing pump field intensity 
the mixing contributions appear to be sensitive to ρ, expressing the ratio between 
the effective transition dipole moments d
a
b/dbe- For ρ = 1 (ζ = ρζ — \\/2) this 
results in a relatively homogeneous blend of bare states. For ρ » 1 the homogeneity 
is disturbed: |3(iV)) and \\{N)) loose the contribution of \a,N) whereas \2(N)) 
transforms to a state of dominant \a, N) character. 
It should be emphasized that up to now only the effect of the pump laser has 
been described. The populations of the levels have not been accounted for, so far. 
The amplitudes given above are not the probing amplitudes yielding the transition 
probabilities. They represent the mixing of uncoupled dressed states into coupled 
dressed states under the influence of the pump laser resonant with |o) «-> |6). 
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uncoupled states 
la,N+2> lb,N+1> 
Figure 3.3. Probing diagram between uncoupled dressed states. A and С labels the one-
photon probing as in a two level system and В ¡abels the two-photon probing. The curved 
arrows indicate coupling by the strong pump fìeld. The lower energy of the \c) states is 
the result of the detuning of the pump fìeld frequency by 2Δ, with a consequently weaker 
coupling. 
Probe laser induced transitions can only occur between those molecular eigen-
states \а) and \c) which are dressed with a fixed number of pump photons, say N. 
These states \a, N) and |c, iV)belong to different manifolds, viz. £(iV) and 6(N + 2) 
respectively (see eq. 1.). The allowed transitions between the uncoupled states are 
shown in fig. 3. From this figure it is seen that three different transitions can 
take place between states with equal photon numbers. The wavy arrows labeled 
A and С represent the one-photon probing for the two level case, the latter the 
Autler-Townes arrangement. The wavy arrows labeled В indicate the two-photon 
probing discussed here, running via a virtual level nearly resonant with \b,N). The 
curved horizontal arrows demonstrate the coupling caused by a strong pump field. 
In the framework of the two-photon probing scheme the 'triplet' belonging to 
nearly degenerate coupled dressed states of fig. 2 is repeated twice, i.e. three 
adjacent manifolds £(N) €(N + 1) and €(N + 2) are involved. The resulting 
dressed level scheme is illustrated in fig. 4. For the initial manifold £(N) the 
coupled dressed state |3(ЛГ)), which initially has a pure \c, N — 2) character and 
which is not populated, is not plotted. In the final triplet, £(iV + 2) the coupled 
dressed states |2(iV + 2)) and |1(ЛГ + 2)) are omitted since they are too far off 
resonance from the actually used two-photon probe frequency. For zero pump field 
power the uncoupled dressed states are indicated at the left; the levels with |o, JV) 
and |ò, JV — 1) character are actually degenerate. 
The intermediate manifold £(N + 1) exhibits a special feature; the mixing of 



























0 50 100 150 200 250 
Притр/2Я [MHz] 
Figure 3.4. Dressed state representation of the moléculas three JeveJ scheme given in fig. 
1, showing three successive manifolds €(N),£(N + 1) and £(N + 2). Arrows ρ and q 
label the red and the (initially) blue shifting two-photon transitions, respectively. The 
dotted curves in the £{N + 1) triplet represent the intermediate virtual levels for both 
transitions. Some coupled dressed states in the €(N) and £(N + 2) triplets are ¡eft out 
because tLey are not needed for the discussion. In the experiments pump laser ftabi 
frequencies of up to 25 MHz have been used (horizontal scale). 
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the uncoupled dressed states leads to the possibility to transfer population -from a 
specific eigen state of the lower triplet S(N) to the final eigen state |3(N + 2)) of 
£(N + 2) - via three different pathways visiting the three coupled dressed states be-
longing to the intermediate triplet. The two dotted curves in fig. 4 of the intermedi-
ate triplet €(N+1) indicate the intermediate (virtual) resonances for the two exper-
imentally observed two-photon steps |2(JV)>—f|3(JV + 2)> and |1(JV))—»-|3(7V + 2)). 
For a weak probe field the transition probability for the two-photon process is 
calculated in the dressed three level scheme, using the general expression for the 
two-photon transition operator [11]. This transition operator 0^+2 acting between 
the manifolds E(N + 2) and £{N), is written in the rotating wave approximation 
with respect to the basis formed by the uncoupled dressed states as 
О»" = \c,N)dbe(b,N\^ ΜΝ + *)ΜΝ+^Ν)ά«{α,Ν\, (3.7) 
with j = 1,2,3, Ehv the probe laser photon energy and Γ a damping term to 
be discussed below. To find the total strength for the two-photon transition, a 
summation has to be made over the contributions of the different paths running 
via \j(N + l))j=i,2,3 of the intermediate manifold £(N + 1). 
The two-photon virtual intermediate levels (dotted lines in fig. 4) are positively 
or negatively detuned with respect to these three dressed intermediates \j(N + 
l ) ) J = 1 2 i 3 ; the sign of the detuning determines the sign of the contribution to the 
total transition amplitude. For j = 1 or j = 3, the signs are opposite and lead to 
destructive interference; for j = 2 a change of sign occurs for Ω ~ 4πΔ (Ω/2π ~ 175 
MHz), see fig. 4. At this point, the intermediate state for the two-photon probe 
has become a real (rather than virtual) state, Stark-shifted into resonance by the 
pump laser. The influence of this intermediate state \2(N + 1)) then far outweighs 
the contributions from j = 1 and j = 3. 
The two-photon transition \2(N))—>\3(N + 2)) first experiences a blue shift on 
increasing pump field strength but for high Rabi frequencies the shift turns from 
blue to red, as a result of the repulsion between |3(ΛΓ + 1)) and |2(iV + 1)) see 
fig. 2. The two-photon transition starting from |1(ЛГ)) will always experience a red 
shift; for small Ω one has et = —Ω/4π, see eq. 5. We will call these two-photon 
transitions blue and red shifting spectral features, respectively. 
The strength Sj"1" of the two-photon transition as observed with a weak probe 
field inducing a transition starting from one of the two initial states |2(JV)) or 
|1(JV)> is 
S,2'*" = \(3(N + 2)\0%+2\i(N))\2 . (3.8) 
In case of spectral overlap the change in internal energy of the molecules which 
leads to the observed signal follows from a summation of the strengths resulting 
from both initial states 
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5=£б? ь "-р„, (3.9) 
i = l , 2 
where p, t is a weighting factor resulting from the initial population of both coupled 
dressed states. If the power of the pump field is high, only one of the strengths 
«S,2'1" contributes since the other is too far off resonance. The value of p„ is assumed 
to be equal for both initial states. This assumption is only true for strong pump 
fields and in case of flat wave fronts of the laser beam profile. 
3.2.1 Interference Phenomena 
The amplitude of each individual contribution to the total two-photon transition 
amplitude has been evaluated as a function of pump laser intensity (oc square of 
Rabi frequency) for the specific three level scheme of fig. 1. Quantum interference 
between the individual transition pathways is sensitive to the pump laser intensity 
dependent sign of Eh
v
 — £^(лг=і) in the denominator of eq. 7. 
In the denominator the damping term Г has been introduced. The physical 
origin of the damping term is e.g. the lifetime τ = 1/Γ; power broadening is absent 
in our case. For the long living vibrational states Γ is, however, determined by the 
interaction time of the molecules with the laser field, yielding Γ=2.5 MHz. For the 
transition amplitudes always the real part is displayed in the figures. 
The calculation has been performed for the two initial dressed states. The re­
sults are shown in fig. 5 a and fig. 5b respectively (dotted curves), together with 
the total transition strength obtained after addition and normalization of the three 
individual contributions (solid curve). The value of ρ for this calculation was taken 
to be unity which means equal transition strength for the first and second excita­
tion step with dab =0.21 D equal to the M-averaged dipole transition moment of 
the first excitation step of the investigated molecule SFe [12]. M is the angular 
momentum projection on the pump laser polarization vector. For the two-photon 
transition strength of the blue shifting feature the zero value for Ω/2π = 100 MHz 
is visible, whereas the transition amplitude of the red shifting feature increases. 
These phenomena can be regarded as the result of destructive and constructive 
interference of transition amplitudes belonging to the individual paths addressing 
the three intermediate dressed states. 
A physical explanation is provided by the avoided crossing at Ω/2π «75 MHz 
which arise in the manifolds E(І +1) between dressed state |3(7V+1)) and \2(N+l)) 
(see fig. 4). The intermingling of the two states can also be concluded from table 
1, column 4...6. The increasing appearance of \c,N — 1) in the intermediate state 
|2(JV + 1)) as well as the change in intermediate detuning cause an increase in 
amplitude for the red shifted feature (fig. 5a) but a decrease in amplitude for 
the blue shifted feature (fig 5b). The appearance of \b,N) in intermediate state 
|3(7V + 1)) enlarges the amplitudes for both lines (note the vertical scale). The 
contribution, however, for the blue shifting feature adds destructively to those of 
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Figure 3.5. Amplitudes of the individuad pathways via manifold \B(N + 1)) (dotted 
curves), for the red (fig. 5° J and bJue (fig. 5 ) shifted two-photon transitions. The solid 
curves are the total squared ajnplitudes. The solid curves scaie with the y-axis on the 
left the dotted curves scale with the y-axis on the right. 
both other possible pathways viz. |2(N + 1)) and \1(N + 1)) whereas the same 
contribution add in a constructive way for the red shifting feature. The contribution 
of the path travelling via |l(iV -f-1)) approaches zero for both initial states due to 
the increase of the intermediate detuning with respect to this state as can be seen 
in fig. 4. 
The ratio of the dipole moments ρ plays an important role in the coupling 
strengths and energy differences between various dressed states. For different values 
of Q the total transition strengths have been evaluated and the results are plotted in 
fig 6° an 6Ò. A strong dependence on ρ is exhibited especially for the interference 
phenomena. Note that the resonance in fig. 60, has disappeared for ρ=2.0; the 
virtual intermediate level does not cross a real level, \2(N + l))in fig. 4. 
3.2.2 Energy shifts 
In fig. 7 the shifts of the two-photon resonance frequencies for both initial states 
are shown. The red shifting feature shows relatively little influence of the various 
values of ρ as was already expected from the eigenvalues (fig. 2). The initially blue 
shifting feature displays a maximum energy shift; the change from blue to red shift 
is visible for ρ = 2. The Rabi frequency for which the change takes place strongly 
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red—shifted transition blue-shifted transition 
τ—ι—ι—ι—ι—r 
120 160 200 240 
τ—ι—ι—ι—ι—ι—r 
80 120 160 200 240 
npump/2n [MHZ] 
Figure 3 6 Total strengths for the red (fig. 6?) and blue (fig. 6*j shifted two-photon 
transitions for ρ = 0 5,1 0,2.0. As a result of the resonance Eh
v
 = ^2(jv+i) l n еЯ 7 the 
signal ¡n fig α 'explodes' due to the comparably small value of Γ. Resonance in 6° a n d 
complete destrucftive interference in 6 a r e manifest 
depends on the value of ρ. 
In the simulation the values of ρ have been taken approximately corresponding 
to the well known values for the M-dependence of the dipole moments, The Clebsch-
Gordon coefficients for parallel linearly polarized pump- and probe ^-fields yield 
ρ = 0.5,1.0,2.0 for \M\ = 1,2,3 in case of a two-photon transition with rotational 
quantum number J=4 and AJ = —1; M = 0 is unobservable in this type of 
transition1. 
3.3 Experimental 
The investigated three level scheme contains a two-photon transition in the vibra­
tional 1/3 ladder of SF 6 ; the ro-vibrational steps are the P(4)E, v% = 1 <— 0 and 
the Q(3)E, v$ = 2 «— 1. The two-photon transition from ground state to second 
excited state is labeled with P(4)E, 1/3 = 2 <- 0. With respect to the 10P16 C 0 2 -
laser line (at 28412590 MHz) [14], the transition frequencies are +250 MHz and 
1 T h e conventional factor \/2 for d¡,c with respect to dab which follows from the linear harmonic 
oscillator mechanics can be neglected here because two orthogonal vibrations are excited for the 
considered transition The precise intra-molecular couplings for the η = 2 level yield instead an 
extra factor 0 735 for ρ, j e ρ = 0 37, 0 74 and 1 47 for M = 1,2,3 
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Figure 3.7. Shift in two-photon resonance frequency for the transitions starting from the 
initial dressed states |2(7V)) (solid curves) and |l(iV)) (dashed curves) for different values 
of ρ = dbc/dab. 
+98 MHz, respectively, for the one-photon transitions and +174 MHz for the two 
photon transition [16]. The intermediate level ( J = 3,v = 1) is +76 MHz detuned 
with respect to the one-color-two-photon laser frequency (see fig.l). 
The general experimental setup has been described in detail earlier [17, 18, 
16]. It consist of a molecular beam machine and two homebuilt CO2 waveguide 
laser systems locked to frequency-stable Fabry-Perot Interferometers (FPI). For 
detection, a liquid Helium cooled bolometer is used, sensitive to the change in 
energy of the beam molecules and coupled to a Lock-In amplifier; the Helium bath 
is pumped down to zz 1.5 K. All experimental conditions have been optimized in 
order to maximize the population in the J = 4 ground state. To favor low J-values 
in the molecular beam 2% SF6 was seeded in He and expanded through a 30 μιη 
circular nozzle under stagnation conditions P0 = 1500 Torr and T0 = 300 K. 
To tune the frequencies of both lasers Opto Acoustic Modulators 
(OAM, IntrAction Corp.) have been used -with ±100 MHz frequency shift per pass-
in combination with the ±100 MHz tunability of the waveguide lasers themselves. 
To compensate for the loss of laser intensity, caused by the OAM-crystals (about 
50% per pass), one of the lasers which will be called pump laser from here on, 
has been equipped with a waveguide amplifier (amplification factor of 2.5). This 
type of amplifier preserves the original TEMoo mode and shows rather constant 
amplification over the whole 200 MHz tuning range of the laser. The maximum 
pump power available for the experiment amounts to 4 W at laser line center. 
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No active stabilization systems were available to fix the pump laser frequency to 
resonance with the P(4)E one-photon transition. Therefore the drift of the étalon 
to which the pump laser is locked, had to be be less than the linewidth, i.e. 1.0 
MHz, within the time span of 3 min. needed to perform a scan of the probe laser. 
Sealing and evacuating the étalon (Petaion < 1 mbar) ensured a drift for the locked 
pump laser system of less a 1.0 MHz/hour, after a warm-up time of 4 hours. The 
drift was deduced from the time in which the absorption intensity was decreased 
by a factor 2, i.e. after a drift of 0.5 MHz. The intensity of the pump laser could be 
varied within four orders of magnitude utilizing a Brewster plate attenuator (range 
0.01%-100%). 
To obtain absolute frequency markers, extra-use of the OAM-crystals is made. 
The OAM-crystal splits the laser beam into a fundamental and a 5° deflected first 
order beam with a shift in absolute laser frequency of zero and ± 100 MHz, re-
spectively; the input power Po is about equally divided. Utilizing the non-deflected 
part of the probe laser after the OAM, an absolute frequency marker was obtained 
using the Lamb-Dip technique [15]. Relative frequency markers are provided by 
the fringes of a frequency stabilized HeNe laser which traverses the FPI to which 
the probe laser is locked. 
The bolometer signal produced by the chopped probing laser was recorded si-
multaneously with the absolute and relative frequency markers. Utilizing a 12-bit 
multi channel A/D converter (Keithley, KDAC500) all data is computer acquired. 
The obtained spectra were linearized using the HeNe fringes. The zeros of the sinu-
soidal fringe-pattern are transferred into markers, every 4.5 MHz. Thereafter the 
time scale was adjusted between two successive markers; an error sign was given if 
the difference in time for two successive frequency intervals of 4.5 MHz exceeded 
10%. Finally the absolute marker was added to the spectra. In this way an overall 
accuracy of 1 MHz was achieved. 
3.3.1 Pump and Probe interaction regions 
For all experiments the probe and pump laser have been parallel and linearly po-
larized. The probe laser was focussed by an f=20 cm bi-convex lens to a diameter 
of 2wo=0.5 mm, where w0 is the 1/e value of the laser field intensity. As a result of 
the Gaussian intensity profile of the T\E Moo-mode of the pump field the molecules 
traversing the focus experience a varying .Ε-field introducing a transient shifting of 
energy levels. To minimize this effect the probing time is chosen to be relatively 
short compared to the duration of the pump field interaction. The steady state 
situation was achieved by focussing the pump laser on the molecular beam with a 
cylindrical lens creating an interaction region of 2wo=15 mm along the beam axis 
and 0.6 mm perpendicular to the beam axis (see fig. 8). In this way the intensi­
ty variation of the pump laser was limited to about 5% within the probing time 
creating a quasi steady-state situation. This had to be paid for, however, with a 
strongly reduced pump field intensity. 
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Figure 3.Θ. Experimenta] Setup. The lower part shows the chopped probe laser system 
consisting of a CO2 waveguide laser locked to a FPI étalon. The HeNe laser provided rel-
ative frequency markers. The residual fundamental laser beam behind the Opto Acoustic 
Modulator (AOM) was fed into the CO^-filled Lamb-dip cell to obtain a saturation dip 
in the fluorescence signal (upper arm) at the fundamental СОг-íaser frequency. The ab-
solute frequency of the deñected laser beam is shifted by 200 MHz. An f =20 cm convex 
lens fi is used to focus the laser beam on the molecular beam. The upper part shows the 
pump laser system consisting of a CO2 waveguide laser with waveguide amplifìer, locked 
to a FPI étalon. The OAM provided a 200 MHz shiñ in absolute frequency. The pump 
beam was focussed with an f=20 cm cylindrical lens f\ on the molecular beam. Both 
laser beams cross the molecular beam under a slight angle of one degree; the inset shows 
the molecule-lasers interaction geometry. After laser interaction the molecules hit a LHe 
cooled bolometer. S=beamsplitter, M=mirror, BS=beamstop. 
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The pump and probe lasers partially overlap in the interaction region. The 
curvatures of their wave fronts have been minimized. The STIRAP effect, in a 
three level system, as discovered by the group of Bergmann [21] and references 
cited therein, is absent. The final level of the first interacting laser is not the initial 
level of the second interacting laser, for the present experiment. 





compared to to the pump laser Rabi frequency ilpump. The probe Rabi frequen­
cy required to achieve a тг-pulse for a two-photon transition is calculated from 
aprobé7" = π w ^ n r * n e e f f e c t i y e interaction time obtained from the pulse area 
theorem [22]. For the effective interaction time τ = 1.25w0/v (with υ = 1250 m/s 






amounts to 2.0 MHz. The Rabi frequencies for the cylindrical pump focus and 
the spherical probe focus can be expressed in terms of laser power P, yielding 
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MHz for the P(4)E two-photon transition (P in Watts). Typical values for the pump 
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/2π = 1.3 MHz -for a weak probe power of 30 mW. 
In the expressions for П





, the transition dipole moment d„¡, (dj,c) 
is put equal to 0.21 D (0.15 D) corresponding to the quadratic mean value, averaged 
over the M-dependence. Note that the variations between the values for \M\ = 3 
and |M| = 1 amount to a factor of two. Consequently, Ω
ρ7.0(,ε/2π =0.9 MHz, 1.3 
MHz and 1.8 MHz for |M|=1,2 & 3 for a probe laser power of 30 mW 
Utilizing the two-color two-photon technique for the P(4)E two-photon transi­
tions [17], the pump and probe lasers could be brought in overlap at the molecular 
beam. The two laser beams are crossed under a slight angle to avoid frequency dis­
turbances due to mutual cavity interactions. This introduces a net Doppler shift of 
about 2 MHz to the red of the measured frequencies. All experimental results are 
corrected for this shift. For the non-saturated two-color two-photon feature, the 
absorption signal is strongly sensitive to the positions of the two laser foci, even 
for the extended pump laser focus of 15 mm. With this technique the geomet­
ric positions of the laser beams with respect to the molecular beam could be well 
defined. 
The pump laser was tuned into resonance with the P(4)E one-photon transition. 
After each probe scan the pump laser frequency was controlled and adjusted if 
necessary. 
3.4 Results 
3.4.1 Two-photon probe on the P(4)E (2<— 0) transition 
The shift of the energy levels and the transition strengths have been investigated 
tuning the weak probe laser over the P(4)E two-photon transition. The saturating 
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Figure 3.9. Combined pump & probe interaction with P(4)E one and two photon tran­
sitions. Fig. 9a shows the two-photon transition with pump off (dashed trace) and on 
(solid line). The used pump and probe power were both 30 mW. Fig. 9? shows the 
two-photon line splitting as a result of the strong pump fìeld interaction, with a pump 
power of 0.8 W. The solid curve depicts the spectrum for a probe power of 30 mW. The 
effect of a strong probe field of 500 m W on the two-photon line shape is illustrated by 
the dashed trace. The probe laser detuning is given with respect to the 10P16 CO2 line 
center. Features А, В and С are discussed in the text. 
Rabi frequency for the two-photon transition amounts to 2.0 MHz corresponding to 
a probe laser power of « 50 mW; the used probe power was 30 mW, yielding a S/N 
ratio of 10. For these measurements the probe laser intensity was modulated. Pump 
intensity modulation would be preferable on first sight, but with this technique also 
the population of the ground state is modulated, resulting in a strong negative signal 
at the fundamental P(4)E two-photon frequency. This signal has been observed to 
be a factor 5 to 10 stronger as compared to the shifted components. 
In fig. 9 the result of the combined pump & probe interaction is demonstrated. 
At the left the dashed curve shows the two-photon signal with the pump laser off, 
the solid line the signal with a pump field of 30 mW. The expected decrease of 
a factor 2 in integrated absorption signal is observed; with respect to pump-off 
only half of the population is available for the two-photon step. The additional 
broadening in the combined pump L· probe absorption arises from level splitting, 
which already becomes observable for Ω
ρηπίρ
/2π ~ 2.5 MHz. 
The effect of high probe laser power on the relative shifts of the red and the blue 
components for a pump laser power of 0.8 W has been investigated by increasing 
the probe laser power to 500 mW (fig. 9b). Considerable changes in signal strength 
and broadening are observed; the spectral position of the 'doublet' moves to the red 
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Figure 3.10. Recording of the P(4)E two-photon transition for increasing pump laser Rahi 
frequency. The features А, В and С are explained in the text. The dashed line in the 
observed spectra (top) indicate the base line for each trace. The simulated spectra result 
from the two-photon transition amplitudes calculated with the dressed state model (solid 
lines) yielding the proper line positions; the simulated transition strength is based on а 
rati er arbitrary assumption (see text). The dashed lines result from the simulations with 
the optical Bloch equations, see text. A FWHM of 2 MHz corresponds to the interaction 
time broadening. 
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by about 5 MHz and the line broadens by about 10 MHz. The strong probe laser 
can induce a coupling with higher vibrational states. This gives rise to extra shifts 
for the ground state and the excited state, however, with different magnitude. As a 
result, a net additional extra energy shift is observed. The probe power of 30 mW 
is relatively high but for lower probe powers the S/N ratio becomes unacceptably 
small. 
The observed and calculated spectra for increasing pump laser power are pre­
sented in fig. 10" and fig. 10b. In fig. 10° the observed spectra are shown for 
increasing pump laser Rabi frequencies of Ω/2π = 4,6,8,13 and 25 MHz. The 
dashed lines indicate the zero base line; no negative signal is observed which would 
correspond to stimulated emission. The intensity scales of the observed scans are 
equal. Using the Lamb dip calibration the horizontal probe laser frequency scales 
were matched to within 1 MHz. 
For a pump laser Rabi frequency of 4 MHz three features are apparent at probe 
laser frequencies of 160 MHz, 167 MHz and 185 MHz, indicated in fig. 10a by 
А, В and C, respectively; they were also observed in fig. 9. These weak features 
remain almost constant in intensity and center frequency and are not affected by 
the pump laser. Features A and В are weak and un-assigned probably hot-band 
transitions, feature С is a Q(24) two-photon transition, all three reported in [16]. 
Neither the groundstate nor the final state of these features are attacked by the 
pump laser. They demonstrate the accuracy of frequency calibration between the 
different scans. Feature В at 167 MHz becomes submerged in the upcoming red 
shifting two-photon component for increasing pump powers. 
The shifting and splitting into a red and a blue component of the two-photon 
transition is evident from fig. 10. The vanishing of the blue shifting component 
for increasing pump laser power is demonstrated. A small residue remains visible, 
reflecting the splitting into different M-sublevel components, see fig. 6 and the 
accompanying |M|-discussion. Both the decrease in intensity for the M = 3, ρ = 
1.47 sublevel as the intensity ratio between the red and blue shifting features are 
simulated and observed in the experiment for a pump power of 3.0 W (П
р и т р
/27Г = 
25 MHz). In fig. 11 the probe laser detuning with respect to the 10P16 CO2-
laser line is plotted for the red and blue shifting feature for increasing pump Rabi 
frequencies. The solid curves in this figure are calculated with the dressed state 
model discussed in section 2 (see fig. 7). The observed frequency shifts are corrected 
for the Doppler shift to the red in resonance frequency. 
3.4.2 Discussion 
For the simulation of the strengths for the different |M|-components and the fre­
quency shifts the model explained in section 2 has been used. The total two-photon 
transition strength results from the addition of all M-contributions. The values for 
ρ are taken ρ =0.37, 0.74 and 1.47 for M = 1,2,3, respectively [13]. The relative 
population of each initial \M\ sublevel was assumed to be 1/6. This assumption 
48 Chapter 3 
Frequency shifts 
npump/2n [ M H z ] 
Figure 3.11. Observed frequency shifts for the red (circles) and blue (squares) shifting 
features for increasing pump Rabi frequencies Ω/2π. The solid traces result from the 
calculations with the discussed Dressed State Picture model. The values for dbc/dab — 
Q=.5, 1.0 and 2.0 are indicated. The dashed line indicates the non-disturbed two-photon 
resonance frequency 174 MHz detuned from the 10P16 CO2 line center. 
is rather arbitrary. It is based on two considerations. First, the lower coupled 
dressed state |3(ΛΓ)) of the triplet £(N) with lowest energy remains unpopulated 
in the pump laser field, even for strong fields where mixing of state-character oc­
curs. Second, all 12 interacting M-sublevels of the two other triplet states \2(N)) 
and |l(iV)) become equally populated, starting from a truly degenerate situation 
in case of weak dressing. The second assumption depends very much on the pre­
cise experimental conditions; if chirping occurs due to curved wave fronts, this 
equi-distribution is not obtained because of RAP effects taking place [21]. 
From fig. 6 (section 2) it is seen that for a pump Rabi frequency of 40 MHz the 
destructive interference effect for the blue shifting component for ρ = 2.0 reaches a 
maximum, which means a strongly reduced transition probability for this specific 
^-value. In the experiment the maximum pump Rabi frequency was limited to 
25 MHz. The trace in fig. 10 for üpump/2ic=25 MHz shows that the two-photon 
signal is already strongly reduced. From the theoretical model it is seen that 





/27Γ=13 MHz the signal should be reduced already by a factor of two. 
Experimentally a more abrupt decrease is found; the probe laser power of 30 mW 
almost suffices to saturate the two-photon transition for the | M | = 3 contribution. 
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The signal, therefore, responds only for larger values of ilpitmp/2n to the decrease 
of transition strength. 
As a result of constructive interference between the different pathways the signal 
strength of the red shifting feature is expected to rise sharply for ίί
ρντηρ
/2ττ ~100 
MHz, i.e. beyond the experimental limitation. Measurements for П
р ц т т і
р/2я=25 
MHz performed for a probe power of 30 mW, produce at least a 37r-pulse for the 
| M | = 3 contribution, as a consequence of the nearby resonance with the intermediate 
dressed states. Therefore, Rabi oscillations induced by the probe laser complicate 
the picture, not being accounted for in the simulations. 
From eq. 5, Upump 2; 4тг|е;|; for small |e»| this shift is evident in fig. 11. For 
üpump/2n=25 MHz the observed and calculated shifts both are 6 MHz. 
The spectra have also been simulated taking into account the time evolution of 
the level shifts and the population distribution between different states and \M\-
sublevels. The pump and probe laser geometries have been taken into account. 
The total absorbed energy, including the energy change due to the pump field, was 
calculated by numerical integration of the optical Bloch equations using the Runge-
Kutta method. The results are depicted in fig. 106 by the dashed curves. With 
the time dependent calculation the population distribution of 50% between the 
two upper triplet states induced by the pump laser has been confirmed. No RAP 
effects were included in the calculations. The main discrepancy between the two 
discussed models resides in the line broadening. The line widths calculated using 
the Dressed State Picture model stem from the time-of-flight broadening (1.5 MHz) 
and the Doppler residue of the molecular beam (1 MHz) yielding a total linewidth 
of « 2.0 MHz in agreement with the observed line widths. For the calculations with 
the optical Bloch equations the Doppler residue was omitted and the line widths 
are determined solely by the time-of-flight. 
In fig. 11, experimental frequency shifts are compared to calculated ones. The 
red component is not observed to split. Note that the calculated curves have to be 
interpolated to obtain results for the appropriate ρ-values. The | M | = 1 contribu­
tions possesses a strength about four times weaker than the | M | = 3 contributions. 
The strength is proportional to (d
ac
-dbc)2 for | M | = 1 (ρ=0.37) and | M | = 3 (ρ=1.47). 
In the measurements this weak component has not been observed.For iipump/2w=25 
MHz the \M\= 2 & 3 components are separated by less than the observed peak 
widths. Therefore the | M | = 2 contributions, with a strength of 0.8 times the | M | = 3 
ones, add also to the observed peak. 
The blue shifting component splits for Ω
ρ ι 1 7 ηρ/2π=25 MHz. The |M|=2,3 contri­
butions possess about equal strength and are six times weaker than the previously 
discussed features. Again the | M | = 1 contribution remains unobserved. 
3.5 Conclusions 
For a nearly equidistant three level system the effect of a strong laser field is de­
scribed in the Dressed State Picture. This laser is in resonance between the two 
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lower levels. The predicted shifts have been observed by two-photon probing which 
allows to investigate interference between various excitation pathways. A judicious 
choice of the intensity of the strong laser can turn 'on' and 'off' the transition 
probability for the two-photon process. 
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Chapter 4 
Alignment and orientation of non-polar molecules 
utilizing the laser-induced AC-Stark effect 
A.F. Linskens, N. Dam, B. Sartakov and J. Reuss 
Department of Molecular and Laser Physics, University of Nijmegen 
Toernooiveld, NL-6525 ED Nijmegen, Netherlands 
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Abstract 
The laser-induced AC-Stark effect influences different M-sublevels of a molecule 
differently. This provides for a spectroscopical means of isolating individual M-
sublevels. We present an experimental study of this phenomena in SFÖ using narrow 
bandwidth СОг-lasers. One high power C02-laser induces an |M|-dependent AC-
Stark shift in the J = 4 level of the vibrational ground state. A weak probe 
laser induces a two-photon transition starting from the same level and produces 
aligned, vibrational excited molecules under appropriate experimental conditions. 
A theoretical description is provided in the Dressed State Picture. In principle, our 
technique is able to produce aligned molecules in a well defined vibrational excited 
state. With some more effort this alignment can be converted into orientation. 
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4.1 Introduction 
Preparation of molecules in a specific angular momentum state leads to the align-
ment or orientation of the rotation axis in the laboratory frame. This can be used 
in collisional experiments where the result is determined by the quantum state of 
the collision partners. To obtain alignment or orientation and to make use of it 
collisional the molecules should possess a well defined translation, vibration and 
rotation energy. The translation energy can be confined within a narrow range by 
making use of the molecular beam technique; well defined vibrational states can be 
prepared using narrow-band laser radiation. 
Instead of describing the general case we immediately address the situation 
chosen in our experiments. The actual scheme consists of a one- and a two-photon 
transition starting from the same initial state, see fig. 
1. The first excited state is reached by a P-type transition (A J = —1) in the 1/3 
fundamental band of SF6, starting from J = 4 in the vibrational ground state with 
J the rotational quantum number. If this one-photon transition is pumped with 
linearly polarized light an alignment is already achieved in the groundstate, since 
the ground state angular momentum sublevel \M] = 4 is not attacked by the pump 
laser. Note that the M-quantum number is defined with respect to the direction 
of the linear polarization of the pump laser. 
This results in a selection of the \M\ = 4 groundstate sublevéis which remain 
populated for 100%, while all other sub-levels can be emptied, e.g. by Rapid Adia-
batic Passage processes [1, 2, 3, 4]. One of these sublevéis can then be selectively 
excited using circularly polarized probe field; M = 4 molecules become excited and 
M = — 4 not or vice versa. We use a two-photon probe laser transition, coupling 
the initial ground state to the J' — 3, M' = 2 final state with two vibrational u3 
quanta absorbed [4]. 
A widely used technique to achieve alignment or orientation of molecules is 
based on the DC-Stark effect. This technique is only applicable to molecules with 
a permanent electric dipole moment. We propose a scheme based on the laser 
induced AC Stark effect to achieve alignment and orientation also for non-polar 
molecules. 
A model making use of the Dressed State Picture [5] will be discussed to describe 
the transition dynamics if two lasers act simultaneously on the molecule, a linearly 
polarized pump laser responsible for AC-Stark shifts and a circularly polarized weak 
probe field. To perform a simulation the |M|-dependent dipole transition moments 
and the related shifts are calculated for the spherical top SFe which is the non-polar 
prototype in our case. Selective M-substate excitation is achieved by tuning the 
probe laser to the AC-Stark shifted transition frequency (for an |M|-sublevel) and 
by exploiting the selection rules for circularly/linearly polarized light. 








Rovibrational P(4)E-ladder in SFe 
=> P(4)E 2hv 10P16 + 174 MHz 
— P(4)E 1hv 10P16 + 250MHZ 
Figure 4.1. Three level system in SFs with \a), \b) and \c) the ground, intermediate and 
final state, respectively. The open arrows indicate the probe Jaser frequency, u>2, resonant 
with the two-photon transition, \a) —» \c). The solid arrow is the pump laser frequency, 
ui\, resonant with the one-photon transition, \a) —> |6). The detuning Δ = ω\ — ωι is 
indicated. The assignment of the levels is listed on the right with J the rotational υ 
the vibrational, I the vibrational angular momentum and R the end-over-end rotationa/ 
quantum number; E indicates the overall symmetry. The transition frequencies are given 
with respect to the 10P16 COi laser line. 
4.2 Theory 
The laser induced AC-Stark effect was described in [6], using the Dressed State Pic­
ture for a molecular three level system with bare molecular states \a,M"), \b, M) 
and |c, M') denoting the ground, intermediate and final state. We define the quan­
tum number M, the projection of J on a space-fixed axis with respect to the 
polarization direction of the pump laser. In fig. 1 the actual three level system is 
shown. The system is pumped resonantly on the transition between ground state 
\а, M") and intermediate state \b,M). In the Dressed State Picture the molecule 
is dressed with photon number states \N) yielding the (uncoupled) dressed states 
\a,M",N), \b,M",N - 1) and \c,M",N - 2'). The linearly polarized pump laser 
provides a AM = M — M" = 0 coupling between the uncoupled dressed states re­
sulting in the coupled dressed eigenstates \l(N),M"), |2(ЛГ),М") and |3(7V),M") 
consisting of a blend of the uncoupled ones. The new eigenstates are probed by the 
probe laser on the two-photon transition \a,M")—y\c,M'). 
Under influence of the pump laser the two-photon transition strength becomes 




b [6]. Here d
a
b and d¡,c are the M-
dependent transition dipole moments for the first and second steps in the vibra-
tional ladder, respectively. The ratio ρ has been evaluated for different M-sublevels 
and different ΔΜ-type transitions. Two probe polarizations have been used in both 
experiment and calculation. In one case, the probe field is linearly polarized paral­
lel to the pump field (from here on 'linear case'). In the other case the probe field 
is circularly polarized ('circular case'). 
The two-photon transition operator of [6] has to be adapted to include circular 
polarization. This is done in full detail below, for the spherical top SF6. 
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4.2.1 Calculation of the transition dipole moments for the successive one-
photon steps P(4)E (0 -•
 г
) and Q(3)E (i/3 -> 2v3) of SF6 
The interaction of the IR-active 1/3 mode with the applied electro magnetic field is 
described by 
Ϋ = Ε>ίάμ (4.1) 
where dß describes the the covariant the dipole vector and Εμ is the contra variant 
electric field vector. The eigenfunctions of the dipole interaction are written in 
a spherical basis; a transformation from the cartesian to the spherical coordinate 
system or vice versa {x,y,z <$ +,—,0) is performed. For a unit vector η this 
transformation is defined as 
ήι = -¿y/2[ñx+iñy] ñx = l \ /2[ñ_i - ñ+i] 
Ä _ ! = ^y/2[ñx-tñy] о ñy = ¿ v ^ ñ - ! + ή + ι ] , (4.2) 
no = ñz nz = ño 
The relation between spherical and cartesian coordinates is valid both in the Space 
Fixed Frame (SFF, or the lab-system) and in the Molecule Fixed Frame (MFF). 
The components of the E and the d vectors are defined in the SFF and in the 
MFF respectively. The MFF components of d are transformed to the lab system 
utilizing the relation [7] 
άμ = D¿;,d, (4.3) 
where г and μ denote the change in angular momentum. The label μ refers to the 
SFF-coordinates (x,y,z) and the label г refers to the MFF-coordinates (ξ,η,ζ). 
V\ is a Wigner rotation matrix [7] which depends on the Euler angles (a,0,~f) 
which define the orientation of the molecule with respect to the SFF. 
The MFF components of the d vector can be expanded into a power series of 
vibrational coordinates. The zero"1 order term of d vanishes due to the inversion 
symmetry of the SF6 molecule. Non-vanishing contributions arise linear in the 
i>3 coordinates; these allow the IR-excitation of the 1/3 mode. Higher order terms 
are not taken into account because of the small contributions of these terms as 
compared to the linear one. The conventional form for the linear term is [8] 
а, = ао1л/2дг, (4.4) 
with the dipole moment doi of the fundamental transition 
doi = {v, = l\dz\v = 0). (4.5) 
Here vz is the vibrational quantum number along the MFF z-axis and g is a di-
mensionless normal mode coordinate. Using this equation the matrix elements of 
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the dipole moment components are expressed in terms of the matrix elements of 
the P¿
 t operator and the MFF transition dipole moment drji· In order to find the 
selection rules and transition amplitudes for the P(4)E two-photon transition the 
expression Mtp equivalent to the two-photon matrix element is calculated, neglect-
ing influences by a strong off resonant pump field 
Mtp = (c|d„|&)(ò|d„|o) (4.6) 
with μ, ν = —1,0,4-1. The initial, intermediate and final state wavefunctions are 
indicated by |α), |b) and |c). For the present case these levels can be written as 
\a) = \v" = 0,1" = 0, R" = 4, Γ" = E, p" = 0; J" = 4, M") 
\b) = \v = l,l=l,R = 4,r = E,p;J = 3,M) (4.7) 
¡c) = \v' = 2,1' = 2,R' = 4,Г = E,p';J' =Z,M') 
The quantum numbers are characterized as follows; I", I and I' designate the vibra­
tional angular momentum, R the end-over-end rotational quantum number with 
R=J-1; Γ denotes the overall symmetry and ρ is a running index over levels with 
equal symmetry and quantum numbers as defined in [9]. Note that for the doubly 
excited level R' is not a good quantum number anymore as discussed in the ap­
pendix. This fact gives rise to a numerical factor к, not essential for the discussion. 
The two quantum numbers of interest are J and M to calculate the two-photon 
transition amplitudes. 
With the Wigner-Eckart theorem eq. 6 can be written as 
Mtp = ( _ ) J " + J - M " - « . N • dab • dbc, (4.8) 
with 
d
ab = doi ( _M μ M „ y dbc = Kd01 [ _ M , I M J (4.9) 
with к = .735. The numerical factor N is discussed in the appendix. The MFF 
transition dipole moment is given by doi = 0.437 D [10]. The two vibrations 
leading to \c) are mutually perpendicular; the influence of cross-anharmonicities is 
neglected. 
Linear polarization of the probe laser 
If the probe laser is linearly polarized parallel to the pump laser polarization the 
quantization axes defined by the pump and probe laser coincide. In the spherical 
coordinate representation this yields μ = ν = 0. To derive the selection rules 
the Clebsch-Gordan coefficients for Mtp are evaluated, yielding non-zero transition 
strengths for 
M" = M' = M, Μ"φΑ Μ'φΟ 
J = J", J" ± 1, J" ± 2. (4.10) 
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The calculated values of d0(, and dbc are listed in table 1. The ir products and the 
ratios are denoted by d
ac





The P(4)E two-photon transition discussed here is of F2g vibrational symme­
try [11]. The three-fold degeneracy of the i^-mode gives rise to a 'perpendicular' 
two-photon transition; if the first photon excites the vibration along the molecular 
ξ-axis, the second photon can only cause a vibrational excitation along the molec­
ular ζ or 77-axis. Parallel two-photon transitions, where two photons excite twice 
a vibration along the same direction twice, are also possible but they belong to 
another symmetry group and will not be discussed here. The perpendicular char­
acter of the first and second vibrational excitation is already reflected in table 1; 
for increasing values of |M| , da¡, decreases whereas <f¡,c increases; dab for \M\ = 0 is 
largest and about equal to d(,c for \M\ = 3, respectively. 
Circular polarization of the probe laser 
In case of a left handed circularly polarized probe laser, Eprobe = ί/2Εο(ή
χ
' — 
iñy') = ^ν^-Εοπ'-ΐ) the quantization axes of pump and probe lasers no longer 
coincide. Since in our description the quantization axis is fixed along its direction 
of the pump laser polarization, care must be taken in defining the coordinate frame 
in which the probe laser is operating. Therefore a basis transformation is applied 
to express components with respect to the probe laser quantization axis, i.e. in 
terms of the SFF basis defined 
Ä'_! = Σ ν ^ - ι ί 0 · 9 0 " · 0 ) = ^A-i - \V2ñ0 + lñ+1> (4.11) 
Ρ 
where the reduced rotation matrices are defined as in [7]. 
In eq. 9 a summation over μ and ν is involved in calculating the transition 
amplitudes d
ac
\ at most 3 contributions couple one specific M-sublevel of the final 
state with one M-sublevel of the initial state. The multiple-pathways can be made 
explicit for AM = 0, ± 1 , ±2, 
( ± 2 )
e e
 ~ 1(±1)аь(±1)ъс 









(0)« ~ |(±1).ь(т1)ьс + (0W(0)b
c
 + ¿ ( т і Ы ± і )
Ь с 
with ( Δ Μ ) 4 indicates the change in angular momentum, for the step i —* j . The 
values of d
a
b and d¡,c for the one-photon transitions |a, M")-*\b, M)and |6, M)-*\c, M') 
are shown in table 2. 
From these entries table 2d is constructed, containing the amplitudes for the 
two-photon transitions taking into account eq. 12. The different coupling schemes 
between the various M-sublevels are illustrated in fig. 2. 
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M"-2 М"И M" M"+1 M"+2 
Figure 4.2. AMowed transitions between various M-sublevels. Fig. 2a. linearly polarized 
probe fig. 2* circularly polarized probe field; interference can take place between the 
various pathway amplitudes within one \AM\-multiplet. Fig. 2e. Total contribution to 
the ΔΜ-amplitudes from a specific initial M"-sublevel. 
In table 2C the values of d
ac
 are listed for the one laser two-photon transition 
with circularly polarized light; in this case the quantization axis is defined by the 
probe laser and only | Δ Μ | = 2 transitions are possible yielding μ = и = ± 1 in eq. 
9. The amplitudes listed in tables 1 and 2° are directly useful for a comparison 
between the amplitudes for a linearly and circularly polarized probe laser beam. 
For low probe laser power in the linear case (fig. 2") the sum of the squared diagonal 
amplitudes of table 1 is proportional to the two-photon transition strength. The 
contributions for the various sublevéis are in the ratio 4:4:1:0 for |M|=3,2,1,0. For 
a circularly polarized probe field running perpendicular to the pump laser both 
quantization-axes can be made to coincide. The initial M"- and final M'-sublevels 
are then coupled with a \AM\ = 2 step. Here, the contributions of the different 
sublevéis for Δ Μ = - 2 (left diagram of fig. 2b) are approximately in the ratio 
9:9:9:9:4:1 for \M\= 4,3,2,1,0,-1. 
Next we consider table 2d where explicitly two counterpropagating (anti-parallel) 
laser beams are assumed, the pump beam linearly and the probe beam circular­
ly polarized. The three possible diagrams with \AM\ = 0,1,2 for a two-photon 
pathway with an intermediate state are shown in fig. 26; | Δ Μ | = 0,1 give rise 
to interference between the different |AM|-pathways. The tree-diagram in fig. 2C 
shows the couplings between a single initial and all final M-sublevels. Each of the 
corresponding amplitudes contributes to the final transition strength. For the cal­
culated amplitudes the multiple paths from a single M" to a single M' (fig. 26) are 
taken into account, with their weights according to eq. 12. In the weak field limit 
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for the probe laser the squared amplitudes yield the relative contribution to the 
total transition probability. The latter equals the sum of all squared amplitudes 
times (Ndci/iinA))2 [4]. For this case (table 2d) a specific initial M" sublevel can 
couple with up to five different M'-sublevels (see fig. 2C), as long as the pump laser 
does not lift the degeneracy. 
4.2.2 Calculation of the transition strengths in the presence of the pump 
laser 
In an earlier paper we have described interference phenomena caused by different 
pathways resulting from three intermediate coupled dressed states have been dis­
cussed and measured for the two-photon P(4)E transition of SFfl [6]. Utilizing a 
linearly polarized strong pump field on resonance with the first vibrational step the 
energy levels break up into manifolds composed of 'bare' molecular states, dressed 
with photons. Since both pump and probe laser are applied simultaneously, it is 
these dressed energy states that form the initial, intermediate and final states for 
the two-photon probe. 
The relevant energy scheme in the dressed state picture is shown in fig. 3. In 
the linear case each final state is coupled to each initial state by three intermediate 
levels, thus giving rise to three interfering contributions to the total amplitude. 
The arrows denoted by a,b and с show the 3 two-photon transitions with the 
intermediate (virtual) levels indicated by the dashed curves in the €(N + 1,M) 
manifold. 
Since the pump laser (on resonance with the P(4)E one-photon transition) is 
linearly polarized, the \M\ = 4 sublevéis in the ground state remain unperturbed; 
the pump field will not induce an energy shift for the sublevel nor will its population 
be redistributed between \a,M",N) and \b,M",N - 1). The \M\ = 4 sublevéis, 
however, are sensitive to the circularly polarized probe laser, giving rise to the 
additional transition indicated by the arrow b. The two-photon transition starting 
from this sublevel will only experience a frequency shift for high pump powers where 
the |c, Μ',Ν) states start to get affected by the pump laser. The \M\ = 4 sublevel 
is plotted in fig. 3 only for the initial state since coupling to the intermediate and 
final levels only occurs via \b,M,N) and \c,Μ',Ν) with Μ,Μ' φ ±4. 
The only way the initial \M|=4 levels couple to the final state occur by | Δ Μ | = 2 
or | Δ Μ | = 1 , (see table 2d). No interference takes place for | Δ Μ | = 1 since the 
rotational quantum number J is reduced by one and thus without alternative M" = 
±4 -» M = ± 3 -+ M' = ± 3 . 
The two-photon probe transition strength and the total energy shifts are calcu­
lated with the help of the dressed energy scheme (fig. 3). The circularly polarized 
probe laser can couple various M-sublevels. The two-photon transition strength 
for a weak probe field is calculated using the two-photon transition operator [12, 6] 
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Figure 4 3 Dressed state energy scheme and the transitions between initial and final 
manifold £(N, M") and £(N + 2, M'), respectively Each dressed state consists of the 
\M\=0,1,2,3 sublevéis The \M\=4 sublevel is only of importance for the initial dressed 
state All various \ΔΜ\ travel via the three dressed states belonging to the intermediate 
manifold E(N + 1, M) The arrows a, b, с indicate schematically the possible two-photon 
transitions The dashed region indicates the experimentally accessible pump powers 
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r
M N +l]'г""'lfc'M'»)^bM"f(M - M»)(a,Μ",АГ| (4.13) 
where М™'м" {М*£'м) contains the factor d
ab (dbc) of tables 2a'b. The sum over 
M runs over all allowed ΔΜ-steps for the circularly polarized light (see eq. 11). The 
sum over г = 1,2,3 takes care of the triplet of intermediate coupled dressed states 
|1(7V + 1), M), |2(JV + 1), M) and |3(iV + 1), M), see fig. 3. The total two-photon 
transition strength consist of the contributions of the various amplitudes introduced 
by the summation over M in eq. 13. The factors f(M — M") and f(M' - M) are 
taken from eq. 11, i.e. /(±1) = 1/2,/(0) = -\\¡2. The detuning of the probe 
frequency with respect to the dressed state belonging to the intermediate manifold 
is denoted by E^hv — £t(w+i),.M· Note, that in case of a linearly polarized probe 
field the summation over M = M" ± 1,0 is replaced by the single contribution for 
M = 0 with / (±1) = /(0) = 1. 
The two-photon transition strength for the final (M') and the initial (M") 
sublevéis is denoted by «Sj^, 
Sl%=Y,\£{N + 2)'M'\°M>M"\KN),M")\2 fc = l,2 (4.14) 
M" 
The label j indicates the two initial states which give rise to a red and blue shifted 
transition if the pump laser lifts the degeneracy between \\{N +1), M) and |2(7V + 
1), M), see fig. 3. The level |3(ΛΓ), M") lies too far down to be of importance in our 
experiments. In table 3 we summarize what splitting occur and become observable 
for increasing strength of the pump laser. The predictions are quantified below 
when the experimental results are discussed. The fact that the M'-splitting is 
observed for stronger pump laser intensity than the M"-splitting is due to the 






 + 2Δ. 
In the linear case the summation over the three coupled dressed states belonging 
to the intermediate manifold £(N + l,M) leads to constructive and destructive 
interference for the contributions of the various possible paths to the total transition 
amplitudes [6]. For the perpendicular case (table 2d) an additional summation over 
all different M-sublevel pathways has to be taken into account. Again significant 
interference effects occur. 
4.3 Experimental 
The general experimental set up has been described elsewhere [4, 13, 14], including 
a detailed description of the used C02-laser systems and other experimental tech­
niques to measure the Stark shifted and splitted two-photon transitions [6]. The 
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probe and pump laser beams are focussed on the molecular beam with an f=20 
cm cylindrical lens and an f=20 cm convex lens, respectively. Both lasers work on 
the 10P16 C 0 2 transition. The probe laser is continuously tuned and mechanical­
ly chopped. The molecular-beam-lasers interaction zone is shown in fig. 4. The 
probe laser focus has a diameter of 0.5 mm and the dimensions of the extended 
pump focus are 15 mm parallel and 0.6 mm perpendicular to the molecular beam 
axis. The probe laser focus is aligned in the center of the pump focus utilizing the 
two-color-two-photon technique which is very sensitive to the geometrical position 





Figure 4.4. Interaction region of pump and probe lasers with the molecular beam. The 
inset shows the polarization direction of the linear pump field Epump and the axes of 
the lab frame. The circularly polarized probe field Е
рто
ье is defined with respect to a 
different axis system in the lab frame. The sharp probe focus is aligned in the center of 
the extended pump focus. 
The quantization axis defined by the pump laser-polarization-direction is shown 
in fig. 4. The purity of the linear polarization of the pump laser was measured with 
a Brewster plate attenuator, with which the laser power could be varied over two 
orders of magnitude. The probe laser polarization direction could be varied utilizing 
a ^λ plate. The distinction between left- or right-handed circularly polarized probe 
light is not important for this specific setup. 
The counterpropagating pump and probe laser were slightly inclined to avoid 
mutual disturbances. The inclination angle yields a Doppler shift of about —2 
MHz for the measured frequencies. All measurements have been corrected for 
this shift. An absolute frequency marker is obtained by simultaneously recording 
the ir-fluorescence saturation-dip from a reference cell with a low pressure C 0 2 
filling [15], obtained from a splitted probe beam. For the different scans the probe 
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laser frequency scales have been matched to within 500 kHz using relative frequency 
markers obtained from fringes of a HeNe-laser passing through the same étalon to 
which the probe laser is locked and the absolute frequency marker. Consequently, 
scans for different pump laser powers allow a frequency definition within about 1 
MHz. More detail can be found in [6]. 
4.4 Results 
The spectra are presented with frequency scales relative to the 10P16 CO2 laser 
line center at 28412590 MHz. Two-photon absorption spectra of SF6 were recorded 
in the spectral region of the zero-field P(4)E two-photon transition frequency (at 
+174 MHz) as a function of the pump laser power, see also fig. 1. For both circular 
and linear probe laser polarization the used probe power was 30 mW, which is fairly 
small as compared to the saturation power of 80 mW for this transition; using less 
power was impeded by S/N requirements. The pump laser was stable in frequency 
to within 50 kHz during each probe laser scan. 
For the circularly polarized probe laser the results are shown in fig. 5". For 
all pump power the bolometer signal scales (ordinate) are equal. The dashed line 
indicates the zero-signal base line for each scan. For low pump power the two-
photon feature does neither shift nor split. The initial population is redistributed 
over the ground state and the intermediate state by the resonant pump laser. This 
yields a decrease in signal of about a factor two for the two-photon transition. 
At maximum available pump laser power several features are observed. On the 
red side and the blue side of the zero-field transition frequency at 174 MHz peaks 
occur with very different strengths. The strength of the red shifted feature remains 
preserved for increasing pump power whereas the blue shifted feature decreases in 
strength. Similar effects were already observed in experiments for the linear case [6]; 
the small strength of the blue shifted transitions could be attributed to destructive 
interference effects. For the perpendicular case (fig. 5), however, the |M|=4 sublevel 
gives rise to a strong persisting feature at the unperturbed resonance frequency of 
174 MHz. This feature was nearly absent in the experiments for the linear polarized 
probe field. 
In fig. 56 the results of the simulation for the circularly polarized probe field are 
shown; the simulated spectra are obtained with the model described above based 
on eqs. 11 and 12. The discrepancies between fig 5a and 5b concerning the precise 
horizontal positions of the peaks are within the experimental uncertainties. In fig. 
6 two different probe laser polarizations are compared for a pump power of 3.6 
W. For this pump power the destructive interference between the amplitudes of 
the pathways via different intermediate states for the linear case (dashed trace) 
reaches its maximum resulting in a vanishing signal for the blue shifting features. 
For the linear case, the two interfering residues indicated by \M'\ = 2 and \M'\ — 3 
near 174 MHz, demonstrate the splitting of the blue shifted feature in different 
M-sublevels. 
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Figure 4.5. Fig. 5α (upper) presents the observed spectra with a. circular polarized probe 
field for increasing pump fìeld intensities. The intensities for all traces are comparable. 
The dotted vertical line indicates the zero field two-photon transition frequency. Fig. 5b 
(lower) presents the simulated spectra with the model described in the text. Note the 
slow shifting to the red of the central feature for increasing pump fields; the shift of 











1 1 ι ι ι ι ι ι ι ι ι 1 1 ι ι ι ι ι ι ι ι ι ι ι ι ι 
160 165 170 175 180 185 
probe detuning [MHz] 
Figure 4.6. Spectra for highest available pump fields recorded with parallel linearly 
(dashed trace) and circularly (solid trace) polarized probe laser. The base line indi­
cates zero absorption signal. The central peak in case of the circularly polarized probe 
field is assigned as the transition starting from the \M\ = 4 sublevel, which does not show 
up in the linear case absorption. The interfering residues are assigned as the \M\ = 2 
and the \M\ — 3 sublevéis which become splitted due to the strong pump field. 
To illustrate the splitting of the blue shifted component the pump laser is de-
tuned — 1 MHz to the red, off resonance with the P(4)E one-photon transition. 
For this specific case the population in the groundstate is not redistributed by the 
pump laser, yielding a signal increased by a factor of two. The result is shown in 
fig. 7, upper trace. Due to the off-resonance pumping the shift is reduced but the 
splitting of the blue feature becomes clearer observable. The disappearance of the 
red shifted feature arises from the fact that for small pump fields the uncoupled 
dressed state \b, Μ", N — 1) possesses a slightly higher energy than |o, M",N). For 
increasing pump fields |a, M",N) bears the initial population and is responsible for 
the blue shifted feature B. The state \b,M",N - 1) with its almost zero popula­
tion, causes the red shifted feature R to disappear for the upper trace. If a positive 
detuning of +1 MHz is applied (lower trace) the opposite intensity variation occurs. 
Be aware that these phenomena are alien to normal power broadening consid-
Llnoar prob· polarliatlon 
Circular prob· polarization 
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erations. Power broadening is absent in our case due to the Gaussian shaped 
intensity profiles of the laser beam . A Rabi frequency of І1ц
а
ы/2п = 25 MHz 
is compatible with an experimental FWHM of 2 MHz (!). By the same token a 
detuning of only 1 MHz leads to relative shifts (compare upper trace to middle 
trace) of 2 MHz. 
In the upper trace of fig. 7 a rather narrow and strong peak occurs at 166 MHz 
laser detuning. In [16], this peak is assigned as the R(9)E four-photon transition 
by absorption of 3 pump photons and 1 probe photon, e.g. ^я(э) = 3i> p u m p + 
ртоЬе· This transition becomes active by virtue of the coincidence especially of the 
intermediate Q(9)E two-photon-transition level at 170 MHz. Its disappearance for 
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Figure 4.7. Spectra for pump Jaser detuning from resonance with the P(4)E one-photon 
transition by -1 MHz (upper trace) and -hi MHz (lower trace) The middle trace is the 
spectrum for the pump field on resonance. The feature denoted by A is discussed in the 
text. The used pump laser Rabi frequency is Ω/2π=25 MHz. The absorption signal for 
the shifted features В (blue) and R (red) is strongly sensitive to the pump laser detuning 
due to absence of power broadening, see text. 
4.4.1 Discussion 
With the theoretical model explained above, the spectra for both the parallel lin­
early as well as the circularly polarized probe laser have been calculated for each 
specific final \M'\ state. The results are shown in fig. 8. FYom these simulations 
the different contribution to the two-photon absorption signal can be analyzed. 
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Only the contributions to the final \M'\ sublevel > 5% have been displayed in the 
simulated spectra. 
In the linear case the population in the groundstate was taken equal for all 
M-sublevels, that is, an equal redistribution of population by the pump laser is 
assumed. The main property is the destructive interference phenomenon for the 
blue shifted part of the spectra [6]. These effects take place for all \M\ sublevéis as 
can be seen in fig. 6a. The |M|=3 sublevel shows the largest effect. 
In the circular case the relative populations of the M-sublevels in the ground-
state was taken 2:1:1:1:1 for |M|=4,3,2,1,0 by the absence of population redistribu-
tion of the \M\ =4 sublevel. The extra factor of two of the |M|=4 sublevel stems 
from the fact that this sublevel is not coupled by the pump laser. Beside the in-
terference effect involving the blue feature, the signal originating from the |M"|=4 
initial sublevel remains strong and virtually unshifted. The final two-photon excited 
sublevéis |M|=2,3 are populated in the ratio 15 : 85. 
In table 3 the predicted splitting in different M", M' and j components is com-
pared to observations for pump laser Rabi frequencies of 4, 8 and 25 MHz. 
splitting of pump laser Rabi frequency [MHz] 
4 8 25 
pr exp pr exp ρτ exp 
j obs broad obs split obs split 
M" nobs - obs broad obs nrp 
M' nobs - nobs - obs not 
Tabie 3. Predicted and observed splittings for pump Jaser Rabi frequencies of 
4,8 and 25 MHz. The entries 'obs' ('nobs') stand for a predicted observable (non-
observable) splitting from a lifted j , Μ", M' degeneracy. The label j=l, 2 indicates 
the red and blue shifted component, respectively, lithe splitting is small compared 
to Doppler broadening or time of night broadening it remains unobservable. In 
the column 'exp' (experimental) the entry 'broad' indicates that the splitting is 
observed as a broadening of the spectral line; the entry 'split' indicates an observed 
splitting; the entry 'nrp' means that the splitting can be observed most clearly with 
non-resonant-pumping. 
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4.4.2 Alignment and orientation 
For the circularly polarized probe field the contribution arising from the \M"\ = 4 
sublevel dominates the spectrum. The central feature belongs by more than 85% 
(in the weak field limit) to the specific \c, J' = 3, M' = 3) eigenfunction. The 
coupling of the | M " | = 4 ground state sublevel with the \M'\ = 3 final state sublevel 
dominates over the coupling with the \M'\ = 2 final state sublevel, the latter 
contributing less than 5% to the central peak. This means that the central feature 
represents an alignment of the two-photon excited molecules. 
The persistence of this alignment can be estimated from the coupling between 
nuclear spin and rotation to the grand total angular momentum F = I + J . This cou­
pling results in an observed hyperfine splitting in the one-photon P(4)F1 component 
of about 10 kHz [17]. We estimate a value for the hyperfine splitting of the second 
vibrational state of 20 kHz and then the alignment persists for 50 fisec after the 
molecules have left the probe focus. With a molecular velocity of 1250 m/s this 
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Figure 4.8. Simulated \M'\-dependent spectra for a іілеаг, 6 a and circulai, 6b, polarized 
probe fìeld. The numbers indicate the |M'|-vaJue for the ßnal two-photon excited state; 
twice \M'\ means different initial states. Their vertical positions indicate the calculated 
strength, for weak probe held intensity. A |M'|-vaJue can occur more than once, on 
different horizontal positions. In that case, the ßnal |M'|-subíeveJ can be accessed starting 
from differently shifted \M"\ sublevéis. In the circular case the horizontal positions of 
the \M'\-values for the red shifted features are slightly dispaced for clarity; in fact, they 
overlap whithin one MHz. 
From the simulation it is seen that the final |M' |=3 sublevel is the only feature 
with both high purity alignment and a strong absorption signal. The presence of 
the non-shifted final state with |M|=2 amounts to 14% of the total signal in the 
weak probe field regime; this can also be concluded from table 2d. The difference 
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in amplitudes between the | Δ Μ | = 1 and the \AM\ = 2 steps makes it possible 
to select the | M ' | = 3 final sublevel by a judicious choice of the probe field power. 
For still higher pump power the two features will also get split in frequency which 
would make a further spectral selection possible. 
Orientation of the two-photon excited aligned feature is possible with the use of 
two more lasers circularly polarized, running perpendicular to the pump laser beam. 
The first laser can be used to empty the Ai"=+4 initial state before the combined 
pump/probe interaction. The second laser, active after orientation in the M' = 
—2, —3 sublevéis, can be used to return the population of the M' = —2 sublevel 
to the ground state. The molecules will persist in the excited M' = - 3 sublevel, 
yielding orientation. The second laser has to be applied while the pump beam is still 
strong enough to select only the M' = —2 —* M" = —4 transition spectroscopically. 
The lifetime of the orientation is the same as that of the alignment. 
Orientation in the M' = —2 two-photon excited state can be achieved utilizing 
three separate laser beams. The first linearly polarized laser beam -on resonance 
with the first vibrational step- produces in combination with RAP-inversion an 
|M|=4 groundstate alignment. The second circularly polarized laser, running per-
pendicular to the first one, performs orientation in the M = — 2 two-photon excited 
level. A third linearly polarized laser, running parallel to the first one can repop-
ulate the ground state sublevéis, yielding orientation in the M = — 2 two-photon 
excited state. 
4.5 Conclusion 
In this paper we have derived a model, based on the Dressed State Picture, which 
describes the action of a circularly polarized probe field in the presence of a strong 
linearly polarized pump field. In the special case were both quantization axes are 
chosen perpendicular more than 85% of the \M'\ = J' final state can be selectively 
populated for a Aj = —1 two-photon transition; with parallel polarization only the 
\M'\ = J' — 1 alignment can be achieved. A simple extension to 'pure' orientation 
(final substate M' = J') is discussed. 
Experimental proof has been given for the validity of this model. We used SF6 
as prototype molecule; the Clebsch-Gordan coefficients for the P(4)E two-photon 
transitions have been evaluated for all possible transitions between various M-
substates in the three level system. Though the experiments have been performed 
especially for the spherical top SF6, the underlying ideas can be applied in general. 
It is shown that the absence of power broadening allows us to select either one 
of the levels shifted by the pump laser. This opens the possibility for spectral 
distinction of e.g. isotopie species with close resonance frequencies. 
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Table 1. Calculation of MtP leaving the phase factor { } of eq. 9 aside in case 
of lineai polarìzation with AM = 0 transitions. In column one the M-sublevel 
is listed, in column two and three the calculated values for <iaj, and d(,c and in 
column four and five the product dae and the ratio ρ. Note that the extra factor 
of κ = 0.735 in eq. 9 is accounted for in the calculation of di
c
. 

















































- 3 - 2 - 1 0 1 2 3 
0.240 0.139 
-0.139 0.160 0.179 
-0.179 0.080 0.196 
-0.196 0 0.196 
-0.196 -0.080 0.179 
-0.179 -0.160 0.139 
-0.139 -0.240 





for the possible M" —» M and M —• M' transitions. M"
nxUal denotes the 
M-sublevel for the vibrational groundstate and Mintermedtate denotes the M-
sublevel for the fìrst vibrational excited state which acts as intermediate state 
for the two-photon transition; Mfinai denotes the M-sublevel for the second 
vibrational excited state resonant with the two-photon transition. For the 
calculation ofdbc the value of к = 0.735 of eq. 9 is taken into account. 





















































































Table 2е and 21. Calculation of two-photon transition amplitudes d
ac
 for the 
case of a circularly polarized probe beam rimnrng perpendicular (2е) and par­
allel (2d) to the pump laser quantization axis. All possible M" —• M —» M' 
type transitions are listed. The M-labels are similar as in table 2 a , b . For the 
calculation ofd
ae
 in table 2a the M-interference as described in eq. 12 is taken 
into account. 
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4.6 Appendix; calculation of the two-photon dipole strength 
The explicit form of the symmetric top rotational wave functions in the SFF taking 
into account the angular momentum is [18] 
\JtM,K) = ^¿± і і>£
і Л # *(а,/3,7) (4.15) 
where M and К are the projection of the angular momentum quantum numbers 
on fixed axes in the SFF and MFF respectively and J is the rotational quantum 
number. From the (unconventional) Wigner-Eckart theorem follows [18] 
(j,M,K\pvi;\j",M",K") = cJV.1, ( J ' M ^ S " + i M " } <4·16) 
where the Cj/ή^,,
 u
 are Clebsch-Gordan coefficients and (J, M\\Dß\\J",M") is the 
reduced matrix element of the D-function denoted by 
(J,M||D¿||J",M"> = s/ÌWTÌCÌ^,,^. (4.17) 
In the angular momentum representation the coupling of the rotational and vibra-
tional parts of the molecular wave function result in a basis of rotational-vibrational 
wave functions characterized by the R quantum number where the vector R is de-
fined by R = J — 1. The subspace with specific R can be reduced into subspaces of 
wavefunctions of a specific symmetry species Г. In the general case there are many 
wave functions of the same symmetry Г within the subspace of fixed J,v,l,R and 
it is generally accepted to enumerate wave function of the same Г, J,v, I, R by the 
quantum number p. This scheme was first suggested in the paper of Moret-Bailly 
[9]. In accordance with this scheme the rotational-vibrational wave function can 
be written as \J,M,v,l,R,T,p). In the basis of these wave functions the matrix 
elements of άμ can be calculated as follows 
(J,M,v,i,Ä,r)P|dM|J",M"^",r,ii",r,p"> = W i r r » V ' 
аоі(-1)7+*'+'"л/5ігЧ^СІ, ,і
м
-(«.і|| ^ д К , п { }» l"j ¿ }(4·18) 
where < ,„ , „„ > is a 6 - J symbol. 
In case of the transition {v" = 0, J" = 4, Л" = 4,Γ" = E) -• (ν = 1, J = 3,R = 
4, Γ = E) each R-manifold contains only one sublevel of Fj-symmetry. For simplicity 
the running index ρ will be omitted. To calculate the matrix elements of άμ the 
wave functions in the angular momentum representation can be used directly. These 
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wave functions diagonalize the Hamiltonian in first order approximation including 
the harmonic oscillator Hamiltonian and the Coriolis interaction. One obtains 
d
ab = (J = 3,M,v = 1,1 = 1,R = 4,£?|d„|4,M",0,0,4,£) = d0l <743#„>1μ (4.19) 
This result is inserted in eq. 9 above. The next step of excitation is to the J ' = 
S,v' = 2,1' = 2 manifold where 3 sublevéis of E symmetry are present: 
\A) = \3,M',2,2,R' = 2,E) 
\B) = \3,M',2,2,R' = 4,E) (4.20) 
\C) = \Z,M',2,2,R' = 5,E) 
The I' = 0 manifold of the J' = 3 state does not contain E symmetry sublevéis. 
Only the transitions from (J = 3,v = 1,1 = 1,Д = 4, E) to the \B) substate are 
allowed and the dipole moment matrix element is given by 
dbc = {Β\άμ\3,Μ, 1,1,4, E) = ^ - С | й д „ · dm (4.21) 
The second vibrational level is split by the anharmonic part of the Hamiltonian 
that has to be taken into account. The tensor part of the anharmonicity, e.g. 
І2ОТ33 T 4 , 0 · 4 , results in the splitting of the v' = 2,1' = 2 vibrational sublevel into 
two vibrational sublevéis of Eg and F2g symmetry. The splitting can be estimated, 
|\Л20Гзз T 4 ' 0 , 4 | = |20Г 3 3 | ~ 5 cm" 1 while the Coriolis interaction is weaker in the 
J = 3 state and, | 2ß ( ( l · J ) | ~ 0.8 cm - 1 . The eigenvectors which diagonalize the 
tensor part of the anharmonicity and in zero order the Coriolis interaction term 













| Л ) +
 7 ^ | 5 ) - \ / 1 | С ) ( 4 · 2 2 ) 
i3> = ~ША) + Ьв) + 7йІС) 
with energy eigenvalues 
£1 = 2i/3 + 2A"33+2G33 + 12T33 
E2 = 2ν3 + 2Χ33+2β33-8Τ33-βΒζ (4.23) 
E3 = 2u3 + 2X33 + 2G33-&T33+8BC 
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The state |1) belongs to Eg symmetry, while |2) and |3) have F2g symmetry. The 
transition to state |2) is of interest. The dipole moment matrix element to this 
state is given by 
{2,Μ'\άμμ = Ά,Μ,υ = 1,¿ = 1,R = 4, Я) = ¿ СЩ'^ (4.24) 
The basis spanned by the eigen functions |1),|2) and |3) diagonalize the Coriolis 
term only in zero"1 order approximation. In the second order of approximation the 
Coriolis interaction couples state |1) with the states |2) and |3). As a result of first 
order perturbation theory the dipole moment matrix element is calculated to be 
(2'|(ί„μ = 3,M,v = l,l = ltR = 4,E) = 
( 14 " 7(ЗЯС + ЮГзз)) ^™'1" ' ^ 1 ( 4 2 5 ) 
where |2') is the wave function perturbed in first order of approximation by the 
Coriolis interaction. This formula shows that dipole moment depends on molecular 
spectroscopic parameters. With the Coriolis parameter 2BÇ, = 0.126128 cm -1 and 
T33= -0.24896 cm -1 (see [11]) the expression is obtained for the dipole moment 
between the molecular states |6, M)and |c, M')first yielding 
dbc = {J = 3,Mtv = l,l = l,R = *,Ε\άμ\2') = 0.735Ci%,A„-d0l (4.26) 
Eqs. 19 and 26 are now put together to calculate the normalization factor N, in 
eq. 8, N = 7. The value of doi can be estimated from previous measurements to 
be 0.437 D [10]. 
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Abstract 
Rabi oscillations reflect the occurrence of a coherent superposition of two molecular 
eigenstates during the interaction of the molecules with a strong laser field. This 
phenomenon is not restricted to a two level system. We demonstrate the extension 
to a three level system where the radiation induces a two-photon absorption. The 
intermediate level is only needed to enhance the transition probabilities. 
Two different techniques have been applied. Utilizing one laser a one-color two-
photon excitation can be made. Rabi oscillations are obtained by varying the laser 
power. Changing the molecule-laser interaction time gives rise to different Rabi 
frequencies. From the relation between laser power and number of oscillations the 
transition dipole moment for the 1/3 ladder of SFg could determined. Utilizing two 
counterpropagating perfectly overlapping laser beams a two-color two-photon ex­
citation can be performed. The Rabi oscillations are obtained by varying either 
one of the laser powers. Tuning the respective frequencies while keeping the sum 
frequency constant, the detuning with the intermediate level is varied. A dramat­
ic change in the degree of excitation as function of the intermediate detuning is 
observed. 
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5.1 Introduction 
In this paper a molecular example of quantum electronics (QE) will be discussed. 
When two laser beams, with different frequencies, simultaneously interact with a 
non linear medium frequency mixing occurs. This effect is used to obtain informa-
tion about the dynamics of more-photon processes in a molecular system. 
A clear model of the molecular QE-phenomenon is provided by the Dressed 
State Picture [1]. If a laser field is nearly resonant with a molecular transition 
the photon induced coupling leads to the creation of doublets of eigenstates. On 
resonance and in the limit of zero field intensity these doublets are degenerate. For 
a non-zero field the degeneracy is lifted and the energy difference between the two 
doublet states linearly depends on the field amplitude. 
The presence of superposition states is reflected by the occurrence of Rabi-
oscillations. The superposition states are created when the molecule enters the 
laser beam. The contribution of each doublet eigenstate to the superposition states 
depends on laser power and frequency. The wavefunction contains contributions 
from both bare molecular states which evolve in time with an energy dependent 
phase factor. On leaving the interaction zone the wavefunction is projected back 
onto the bare molecular eigenstates. The resulting redistribution of initial popu-
lation shows an oscillating behavior as a function of laser power, frequency and 
interaction time. 
Rabi oscillations on one-photon transitions in a two level system have been 
demonstrated in absorption in SF6 [2, 3] , leading to a determination of the tran-
sition dipole moment of the vibrational v$ ladder. In [4, 5] the transition dipole 
moments are obtained for the f2-band of NH3 and the V3 band of difluormethane 
using Laser Stark Spectroscopy. In [6] microwave multi-photon Rabi oscillations 
between two Rydberg states in Potassium are demonstrated and compared with 
the Floquet theory. 
However, the phenomena are not restricted to two-level systems but can be 
extended to multi-photon absorption schemes in which intermediate levels are in-
volved. For these cases the laser radiation induces the absorption of two or more 
photons of which the sum-energy should be equal to the energy difference between 
the final and initial state of the multi-level system. The detuning of the field fre-
quency with single photon transitions, involving the intermediate states, should 
be sufficiently small to enhance the transition probability significantly; but it also 
has to be sufficiently large to avoid populating the intermediate state. When these 
special requirements are met any multi-level system can be reduced to an effective 
two-level system [7, 8]. 
Rabi oscillations on multi-photon transitions will be demonstrated here for a 
three-level system without relaxation under several experimental conditions. The 
simplest scheme consists of a one-color two-photon transition, where a superposi-
tion state is created making use of dressing by two identical laser photons. The 
fluence can be varied either by changing the laser power or the duration of the 
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interaction time of the molecule in the laser field. Both techniques are applied and 
will be discussed. The analysis leads to a determination of the effective two-photon 
transition dipole moment. 
5.2 Theory 
The isolated molecule can be thought of as a mixing tool for different laser fre-
quencies, due to a strong non-linear response to electromagnetic radiation. We will 
concentrate on the specific example of resonance enhanced two-photon transitions, 
which can be viewed as a sum-frequency generating scheme; the internal energy of 
the molecule increases corresponding to the summed energy of two photons. 
For the description of these phenomena the Dressed State Picture [1] is used (see 
fig. 1). In this model the molecule is submerged into a photon bath and the total 
energy of the molecule-photon system is considered. The possible energy states E„ 
of the molecule are dressed by photon number states with energy Nhv resulting 
in dressed energy states EfTN. The index s = a,b,c labels the bare molecular 
states and s = a stands for the ground state. In case of two electromagnetic (em) 
fields with frequencies vi and i/2 this results in dressed state energies E^Ni N2 = 
Es + N\hv\ + N2hi>2. For a three-level system with ground state |a), intermediate 




, respectively, one obtains 




The states which are off-resonant with respect to this multiplet are not taken into 
account if radiative coupling is considered; the assumption E/, — Ea ss Ec — Еь « 
hv\ и /ιι/2 is made. 
For the occurrence of a near-resonant two-photon process with two photons 
of (significantly) different energies only three of the six dressed energy states are 
of importance1. The so-called uncoupled dressed states belonging to these three 
dressed energies can be written as \a, N-¡.,N2), |b, Νχ -1,7
 2 ) and \c,N\ —Ι,Ν^-Ι). 
The interaction of the molecule with the em field introduces a coupling between 
bare molecular states s and s' and therewith a coupling between the uncoupled 
dressed states. In good approximation this coupling can be based on the electric 
dipole interaction dÍS<£¿ between the electric field with amplitude £¡ and the tran-
sition dipole moment dasi; the label I distinguishes the different em field sources. 
The perturbation gives rise to off-diagonal elements in the Hamiltonian of the form 
1In case of only one em field (N\ = N2 and 1/1 = 1/2) the energy diagram automatically reduces 
to three states. 
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hüaa, = d„i£¡ under the condition Ni,N2 » 1 (semi-classical limit). In fig. 1 the 
energy schemes for the bare molecular model and the dressed model are shown, to-
gether with the influence of dipole-coupling of the two otherwise degenerate levels. 
The coupled dressed eigenstates are denoted by ^(ЛГ^І г)) and |l(JVlT JV2)). The 
perturbing term Sll
aa













la,N„N2> lc,N,-1,N2-1> Ιβ,Ν,.Ν^ '··· 
ΚΧΝ,,Ν,^ 
Figure 5.1. Scheme of bare molecular states (left) and dressed states (middle). The 
sum of the laser frequencies uii and u>2 is resonant with the transition \a) —> \c). The 
intermediate detuning is denoted by Δ. The photon number states describing the laser 
fields are labelled by Ni and N2- At the right, the influence of radiative coupling of the 
otherwise degenerate doublet is shown. Note that actually № < Δ 
The energy of the dressed initial state is chosen zero E%TN N] — 0 and the 
matrix Hamiltonian for a resonant two-color two-photon process initiated by two 
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(5.1) 
The detuning of the intermediate molecular state with the em field frequencies is 
given by ΛΔ = (Еь — E
a
 — hvi) = -(E
c
 — Еь - hv2); the resonance condition for 




) = h(vi + 1/2). This elementary matrix operator 
describes the non-linear effects for the near resonant case. 
5.2.1 Rabi oscillations in a three-level system 
The populations of molecular eigenstates change if these states are coupled by laser 
photons. In the three-level system described here the three molecular eigenstates 
which participate are |o), \b) and \c) with initial population of 100% in \a). As 
a result of the interaction between the molecule and the em field the degenera­
cy of the uncoupled dressed doublet is lifted and the new coupled dressed eigen­
states are separated in energy by SE, see fig. 1. If the em field is switched on 
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a molecule initially in |a) is found in a state that consists of a coherent mixture 
of |0(ATi,JV2)) and |l(iVi, JV2)). The contributions of both these new eigenstates 
evolve in time with their own, energy-dependent, phase factor, resulting in an over­
all leading pattern with frequency δΕ/h. On leaving the em-field the superposition 
state is projected back to the bare molecular states leading to a population distri­
bution depending in a oscillatory way, e.g. on the duration of the interaction. 
To obtain a 'clean' two-photon Rabi oscillation between |a) and |c) the inter­
mediate state 16) should not participate. The intermediate detuning Δ should thus 
be large compared to the one-photon Rabi frequencies №
aiJ and Çl[c'. On the other 
hand the detuning should be small enough to create an interaction between states 
\a) and \c) that is, to provide for two-photon transition strength. 
Diagonalizing the Hamiltonian of eq. 1 for the three-level system under this 
condition, 2πΔ ~S> Ω^,,',Ω^. , and taking into account level shifting due to the 
AC-Stark effect, yields [7, 10, 11] 






where Ω is the generalized Rabi frequency, Ω
α(: is the two-photon Rabi frequency 
and δω a possible small detuning Τιδω of the sum frequency 2π{νγ + v-ì) from the 
frequency where the transition probability assumes a maximum value (taking into 
account AC-Stark shifts [10, 21]). 
In case of a large detuning, Δ » 6E, the three-level system thus reduces effec­
tively to a two-level system. The population oscillates between states \a) and \c) 
with the generalized Rabi frequency Ω. The population can be expressed analyt­









 = 1 and ръь = 0. The 
amplitude which is a function of the two-photon Rabi frequency determines the 
maximum degree of excitation. In case of exact two-photon resonance (6ω = 0) eq. 
3 reduces to 
(¥) pcc=sm'\^). (5.4) 
The effective interaction time rej¡ in case of a two-photon process for a Gaussian 
laser profile follows from the pulse-area theorem [12] (see appendix) 
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where WQ the laser waist radius and υ the velocity of the molecule. Eq. 4 shows 
maximum and minimum populations p
cc
 for |c) if η = 1,3,5,... and η = 2,4,6,..., 
respectively, with 
ftacTeff = 2πη. (5.6) 
Note, that for the case of a one color (E\ = £2) two-photon transition Ω
α £ τ oc P/wo, 
whereas for the case of a one-photon transition Ω
α
<,τ oc VP. 
5.3 Experimental 
The prototype three-level system used for the experiments consist of the P(4)E 
rovibrational two-photon transition of the vibrational 1/3-ladder in SFß. The two-
photon resonance frequency is +348 MHz detuned with respect to twice the fun-
damental frequency of the 10P16 CO2 laser line, yielding a resonance frequency 
of 56825528 MHz [13, 14]. The intermediate level is detuned by +250 MHz from 
the 10P16 CO2 laser line at 28412590 MHz [23]. The two-photon transition can be 
induced by either a single laser interacting with the molecules or by two simultane-
ously interacting laser fields. Both types of two-photon excitation processes will be 
discussed. For the single laser interaction the two-photon transition is denoted as 
'one-color two-photon' transition and the resonance frequency is 174 MHz detuned 
to the blue with respect to the 10P16 CO2 laser line. A two laser interaction yields 
a 'two-color two-photon' transition In practice this means that both lasers are set 
to the 10P16 CO2 laser line center with a sum detuning of +348 MHz. 
The experimental setup consists of a molecular beam apparatus providing a 
large population of the J = 4 rotational state in the vibrational ground state. The 
machine has been described in [13, 14, 15, 16]. The used laser system exists of two 
C 0 2 waveguide lasers locked to Fabry-Perot étalons. The lasers are very stable in 
frequency with a short term fluctuation of <S10 kHz. The long term drift could 
be minimized to several 100 kHz in 10 minutes. This suffices to keep the lasers in 
resonance with the molecular transition frequency in the experiments with a typical 
recording time of 1-2 minutes. The power stability of the lasers was better than 
1%. The laser beams run in a horizontal plane. 
To tune the laser frequency into resonance with the two-photon transition use 
was made of Opto Acoustic Modulators (OAM, IntrAction Corp.). These modula-
tors shift the laser frequency by 100 MHz per pass through the crystals. The laser 
power is reduced by about a factor of two each pass. Together with the tuning 
range of the lasers themselves of more than 100 MHz to both sides of the line cen-
ter, the maximum achievable detuning from the central laser frequency amounts to 
±300 MHz for both lasers, the laser beams passing twice through the OAM. 
The intensity of the frequency shifted laser beam can be controlled by adjusting 
the shift efficiency of the OAM, which depends on the RF power fed into the 
crystal. Varying the intensity of the frequency shifted laser in this way a slight 
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Ί — J f e 
Figure 5.2. The experimental setup consist of two laser systems interacting with molecules 
in a molecular beam. The lasers, étalons, power meters and lenses are denoted respective-
ly by Lt, FPIt,Pt, ƒ,. Further, M = mirror, S = beam splitter, OAM = Opto Acoustic 
Modulator. PD stands for the pyro detector used to record the laser power simultaneously 
with the bolometer signal. 
mis-alignment of the OAM can result in a displacement of the laser beam. This 
would cause a change in the geometry of molecule-laser interaction area. Care 
was taken to perform an adequate OAM alignment for which the deflection of the 
shifted laser beam was constant and independent of OAM shift efficiency. 
A stringent condition for producing Rabi oscillations is the absence of Rapid 
Adiabatic Passage (RAP) effects which are caused mainly by the curvature of the 
laser field wave fronts [17, 18,13]. This curvature can be avoided in two ways. Use 
can be made of a telescope to obtain a virtually non-diverging laser beam reducing 
the curvature to a minimum [19]. For the telescope an f=25 cm in combination with 
an f=40 cm lens is used producing a laser waist wn of 4.0 mm at a distance of 6 m. A 
second way is to put the focus of the laser beam precisely in the interaction region 
with the molecules. The 'sharp-focussing' technique was performed with lenses 
of f=20 cm producing a laser waist of 0.25 mm at the laser-molecules interaction 
region. This technique is described in [13]. Both optical systems have been applied. 
The general experimental setup is shown in fig. 2. SFe was seeded in He (2%) 
and expanded through a 30 μτη nozzle with a stagnation pressure of 2 bar at room 
temperature. The velocity of the beam molecules is 1250 m/s. The detection of 
the change in internal energy of the beam molecules was performed with a liquid 
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He cooled bolometer (c¿ 1.5 К) applying Lock-In techniques [20]. The bolometer 
dimensions are 5 mm (horizontal) χ 1 mm (vertical). To obtain circularly polarized 
light a. \\ plate was inserted in the laser beam; no distinction has been made 
between left and right handed polarized light. All data acquisition took place by 
computer. 
5.4 Results 
5.4.1 One-laser experiments 
Two-photon Rabi oscillations with one laser focussed to a diameter of 0.5 mm are 
obtained as a function of the laser power ('power scan'). The laser power was 
recorded simultaneously with the bolometer signal. The results are shown in fig. 
3 a . The dashed trace shows the oscillations for a linearly, the solid trace for a 
circularly polarized laser field. 
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Figure 5.3. 3° shows the one-color two-photon Rabi oscillations lor linear (dashed) and 
circular (solid) laser field polarization, for increasing power Ρ and an interaction zone of 
0.5 mm. The vertical scale shows the bolometer signal assuming the value of 1.0 in case 
of inversion, 3 6 shows the Rabi oscillations for an interaction region of 8 mm, yielding 
an effective interaction time of 4.0 /¿s. For trace A the interaction time was kept fixed 
and the laser power was changed from 0 to l.S Watts. For trace В the power was kept 
fixed at 1.5 W and the interaction time is changed from 0 to 4.0 με. 
With the extended laser beam diameter of β mm Rabi oscillations are obtained 
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by changing either the laser power or the interaction time. The latter was achieved 
by placing a slit with adjustable width into the laser beam. By changing the slit 
width the interaction time of the molecules with the laser field is varied. The results 
are shown in fig. 3Ò. Trace A shows the result for increasing power with a fixed 
laser beam diameter of 8 mm. Trace В shows the result for increasing interaction 
time for a fixed power of 1.5 W. The product of laser-power and interaction time is 
plotted on the abscissa; this product-parameter is varied in both scan types. The 
power scan and the interaction time scan should yield a similar signal. The dashed 
traces show simulations discussed below. 
The contrast between the maxima and the minima in the signal is effected by 
the M-dependence of the transition dipole moments d0f> and d(,c. Here M denotes 
the quantum number corresponding to the projection of the angular momentum 
on the molecular axis. The oscillation period depends on \M\\ the observed signal 
stems from the superimposed contributions of different M-values. With increasing 
laser powers the smearing-out effect of different Rabi frequencies becomes more 
pronounced resulting in a reduced contrast. The trace for linearly polarized light 
shows a contrast of 25%. The maximum signal is obtained for η = 1 (eq. 6). For 
circularly polarized light the contrast vanishes faster, indicating a larger spread in 
the M-dependent Rabi frequencies. For a laser power in the range from 0.2 to 0.3 
W an enhancement in signal observed which is explained by a beating between the 
different oscillating M-components. 
The large difference in contrast between both recording techniques is caused by 
the Doppler residue ( | 5 Ι Ό | — 400 kHz) of the molecular beam determined by the 
detector size of 5 mm. In case of the 8 mm interaction region the first π-pulse is 
obtained for a two-photon Rabi frequency of 100 kHz (eq. 5). From the general 
expression for the population of the final state (eq. 4) it is seen that the two-photon 
Rabi frequency competes with the local detuning of δω = Λπδνρ. This yields a 
reduced contrast. 
For a fixed laser power of 1.5 W and a changing slit width the first π-pulse is 
observed for a horizontal slit width of 3 mm corresponding to a two-photon Rabi 
frequency of 300 kHz. The influence of the Doppler residue is much less and the 
contrast is strongly increased. For this case the Rabi frequency dominates the 
sine-argument, see fig. 3. 
The number η of 7r-pulses is plotted in fig. 4 as a function of increasing laser 
power for the linearly polarized laser beam, with interaction regions of 0.5 mm and 
8 mm, and for the circularly polarized laser beam with an interaction region of 
0.5 mm. The straight lines are linear fits through the data-points. The slopes (n 
over laser power P) are proportional to da¡,cí¡,c/(Awo), (see eq. 2 and eq. 6). For 
the linearly polarized beam, the slope for the 2wn=8 mm-case can be scaled to the 
2w0=0.5 mm-case through multiplication by a factor of 16. Re-scaling the value of 
1.8 [W_1] ((M) of fig. 4) one obtains a value of 29 [W_1] which is in satisfactory 
agreement with the value of 32 [W -1] ((A) of fig. 4). 
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9- One-color, two—photon 
laser power Ρ [W] 
Figure 5.4. The number η of π-pulses for increasing laser power obtained from ñg. 3a 
and 3*. The symbols (A), (9)and (ш) correspond to a 0.5 mm diameter focus with linear 
and circular polarized light and to a 8 mm focus with linear polarized light, respectively. 
The respective slopes are 32, 40 and 1.8 [W~ ]. 
5.4.2 Two laser experiments 
The phenomenon of frequency mixing can even better be demonstrated utilizing 
two counterpropagating lasers with different frequencies. In this case the laser 
powers can be adjusted separately and the detuning of the laser frequencies with 
respect to the intermediate level can be changed. To perform the experiments the 
laser beams are brought into overlap with each other and with the molecular beam. 
Both lasers are focussed with an f=20 cm lens to a laser waist diameter of 0.5 mm. 
The foci are aligned such that for both lasers one-color two-photon Rabi oscillations 
occur. 
To perform an accurate alignment of the overlap of both laser beams, the focus of 
laser-1 is translated in horizontal direction for a fixed position of the focus of laser-
2. Both laser intensities are kept below saturation of the two-photon transition. 
In this case the two-color two-photon signal is strongly sensitive to the overlap of 
both laser beams. The alignment is demonstrated in fig. Ъь. The used laser power 
is 10 mW for both lasers. The laser beams are placed under a slight angle to avoid 
mutual cavity interactions. 
To obtain the two-color two-photon signal laser-2 is slightly detuned to a higher 
frequency with respect to the one color two-photon resonance. Laser 1 is scanned 
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Figure 5 5. 5° shows the one-coior two-photon signal for a detuning of laser-1 from the 
10P16 CO2 line center of 174 MHz and the two-color two-photon signal for laser-1 at 167 
MHz. Laser 1 is tuned in frequency and laser-2 is fìxed in frequency at 180 MHz denoted 
by the arrow. The peak indicated by A is an unimportant weak two-color feature. Fig. 
5b shows the two-color two-photon resonance, for different relative positions d [mm], at 
low laser intensities, η <C 1. The maximum peak at d = 0.2 mm is seen to respond 
sensitively to displacements as small as 0.1 mm. 
in frequency; both the one-color ала two-color resonances occur, see fig. 5 a ; the 
frequency of laser-2 remains fixed. The used laser power of 10 mW corresponds to 
Ω/2π = 0.8 MHz and ÌÌTeff = 0.3π. 
Instead of the expected Doppler free two-photon signal for the two counter-
propagating laser beams, a broadening by about a factor of two is observed. In 
addition to the interaction time broadening which amounts to 2 MHz for the sharp 
foci, laser-2 gives rise to M-level splitting induced by the .AC-Stark effect which is 
probed by laser-1, tuned in frequency. This phenomenon is absent in case of the 
one-color two-photon transition. 
Two-photon two-color Rabi oscillations are produced by increasing the power 
of laser-1 with laser-2 fixed in power. The lasers are tuned to a frequency of 195 
MHz (laser-1) and 153 MHz (laser-2) with respect to the 10P16 C 0 2 laser line. The 
intermediate detuning amounts to 55 (or 97) MHz. The results are shown in fig. 6 
for a fixed power of laser-1 of 20 mW (trace A) and 50 mW (trace B)\ the intensity 
of laser-2 is varied to 1 W. In fig. 6, trace С shows the result of interchanging 
the lasers; the solid trace (dashed trace) is obtained varying the power of laser-1 
(laser-2). 
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Figure 5.6. Two-color two-photon Rabi oscillations for ñxed values of the power of laser-
2, e.g. 20 mW (trace A), 50 mW (trace B), and 300 mW (trace C) and an increasing 
power from 0 to 1 W of laser-2. Note the decrease in contrast for an increasing fixed 
iaser power. In trace С the difference between solid and dashed curves stems from the 
interchange of laser-1 and laser-2. The detuning of the intermediate level equals Δ ι = 5 5 
MHz and Δ2 = 97 MHz if v\ or 1/2 is absorbed in the fìrst step. 
For ал increasing value of a fixed laser power the contrast in signal is reduced 
from 50% (scan A) to 20% (scan C). This is explained by the larger coupling of 
the fixed-power-laser radiation to the intermediate level resulting in an increased 
M-level splitting. The M-dependent Rabi frequencies give rise to the reduced 
contrast. 
The two-color two-photon process actually involves two different pathways and 
intermediate detunings. If the two photons are denoted by v\ and v2 a two-photon 
transition can be produced with either v± or u2 coupling the ground to the interme­
diate state. Both processes are associated with different intermediate detunings, 
viz. Δχ = и — vi or Δ2 = ν — 1/2, ν being the one-photon transition frequency 
(e.g. Δι = 55 & Δ2=97 MHz, applies to fig. 6). Both pathways interfere and the 
occurrence of different Rabi frequencies gives rise to a reduced contrast. 
In fig. 6 another effect is evident. The relative amplitudes for η = 1,3,5,... 
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change with the power of laser-2. We discuss here two possible reasons for this 
phenomenon. First, the interference between the two possible pathways (where 
the intermediate detunings differ by roughly a factor of 2) may give rise to an 
enhanced amplitude, for η = 3, see eqs. 3 and 6. Secondly, a detuning of the 
optimum two-color two-photon resonance frequency occurs due to the AC-Stark 
effect (Bjorkholm [21]). This becomes more pronounced if the Rabi frequencies 
for the two successive one-photon steps differ strongly. In trace С of fig. 6 this is 
the case for η = 1. The AC-Stark induced detuning has the consequence that the 
amplitude of the Rabi oscillations diminishes (δω Φ 0, eq. 3). For η = 3 and 5, 
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Figure 5.7. Two color two-photon Rabi oscillations obtained for various values of the 
intermediate detuning Δ. The intermediate detuning was varied while keeping the sum 
frequency on resonance. The traces correspond to Δ ι = 70 MHz (trace Α), Δι = 25 MHz 
(trace Β), Δι = 16 MHz (trace C) and Δι = 7 MHz (trace D). The Rabi oscillations are 
obtained with the power of laser-2 fixed at .2 W; the power of laser-1 is changed from 0 
to .3 W. 
To investigate the role of the intermediate detuning Δ the frequency of laser-1 
was changed. For various intermediate detunings the Rabi oscillations are obtained 
by varying the power of laser-1 for a fixed value of the power of laser-2. The results 
for intermediate detunings Δι of 70, 25, 16 and 7 MHz are shown in fig. 7, trace 
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А, В, С and D, respectively. 
The number η of π-pulses are plotted in fig. 8 as a function of у/Р\Рг. Com­
parison of fig. 8 with fig. 4 shows that -for given Δι- the measured points scatter 
considerably around a straight line fitted through the data points. This scattering 
is absent in fig. 4. In addition the fit goes only approximately through the origin. 
The slopes of the linear fits are expected to be proportional to l/Δχ as discussed 
for the one color case. No coincidence is found, however, after re-scaling the slopes 
in fig. 8. For a decreasing value of the detuning Δχ the re-scaled value of the slope 
s(Ai) reduces to about a factor of three, e.g. s(Ai = 7) ~ 3.8 · з(А
г
 = 70). 
7_ Two-color, fwo-photon 
>/(P|Pi) [w] 
Figure 5.8. The number of π-pulses, n, obtained for the various intermediate detunings 
indicated by Δ ι in MHz for increasing laser power у/Р\Рг. 
5.5 Discussion 
For a nearly equidistant three level system |a), |6) and \c) one-color and two-
color Rabi oscillations have been demonstrated between \a) and |c), with Ω
α £/2π 
typically in the range of 2.5 MHz(n=l)-25 MHz(n=10). Their occurrence shows 
the existence of superposition states, 
a exp -t£ 0 t/ft |a) + 7 · exp -iEct/h \C) (5.7) 
produced by the laser(s) interacting with the beam molecules during т
е
ц. The 





Two-photon Rabi oscillations 93 
An operator Ôac acting between \a) and \c) possesses an expectation value with 
a time dependent factor cos[(Ee — Ea)t/h]. This factor describes the oscillatory 
behavior (with ~60 THz) of a physical quantity, e.g. of the product of the tran-
sition dipole moments dabdbc- The oscillation takes place with the sum frequency 
2ωχ or α>ι + u>2 as consequence of the frequency mixing alluded to in the introduc­
tion. In analogy with classical frequency mixing -e.g. in electronic devices- the 
basic process is based on a non-linear response, in the considered case to a two-
photon interaction. The amplitudes | a | and І7І assume a maximum (minimum) 
value for η = 1,3,5,... (η = 2,4,6,...) in 
s/P\Pl 4 dabdbc XVJQ 
5 5 = ηπ , (5.8) 
πινξ e0c /Τ4πΔι ν 
with χ = y/^ (eq. 15, appendix). In eq. 8, perfect coincidence of two Gaussian 
laser waists is assumed, w\ = W2 = wo- I n c a s e of non-linear one-color interaction, 
Pi = P2 and Δι = Δ. For the two color interactions, only the pathway with v\-
absorption as first step is taken into account. From this expression one can deduce 




, for the considered states |o), \b) and \c). Rewriting 




 and the measured slopes (figures 4 h 
8) 
A A - ПП Δ ΐ K 2 ^ 2 fr- си 
dabdbc = ГгГ^гГ · ( 5 · 9 ) \fP1P2 wo x 
For the one-color measurements the value for d
a
bdbC obtained from the linear fit 
under different experimental conditions is listed in table 1. For the f3 ladder 
of SFe, dabdbc can be calculated from the M-dependent dipole moments for the 




 contain 3j-symbols describing the 
contribution of specific M-values 
dabdbc = d g . ƒ v ^ T T ( _ J ¿ I ¿ ) ^ / w c T ï ( _ J ¿ I ¿ ) . 
(5.10) 
Eq. 10 including the factor ƒ = 0.735 is derived in [22] and results from the 
vibrational excitation in two perpendicular oscillations including the first-order 
Coriolis correction term for this specific type of excitation. The rotational quantum 
numbers Ja,b,c of the three successive states involved are Ja = 4, Λ = Jc = 3. In 
case of two linear parallel polarized photons the value of μ is zero and for the 
case of circularly polarization μ = 1. The value of d
a
bdbc for different M
a
, Mb and 
M
c
 calculated from the 3j-symbols are listed in table 2, for linearly and circularly 
polarized light. 
The measurements are performed in the many π-pulses regime, η ^> 1. A 
sum of contributions of all Af0-sublevels is observed. The laser intensity for which 
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maxima and minima occur is determined by the strongest M-contributions. The 
weaker M components give rise mainly to a reduction of contrast and a slight 
shift in the position of the minima and maxima. Prom column two in table 1 it is 
seen that for the linearly polarized light mainly the transitions with \Ma\ = 2 and 
|M„| = 3 contribute to debd¡,c about equally; for circularly polarized light the main 
contributions arise from the M„-sublevels with \Ma\ = 4, \Ma\ = 3 and \Ma\ = 2. 
The average main value for these sublevéis from which the resulting dipole strength 
is obtained are listed in column three. 
With this averaged main value the dipole strength do is calculated, see table 1. The 
uncertainty of 10% in this value stems mainly from the not precisely known velocity 
of the beam molecules (1250 ±100 m/s). The value for the laser waist diameter 
is calculated using Gaussian beam formulas; the experimental uncertainty due to 
waist considerations amounts to 5%. The value of the laser power is known within 
an accuracy of 5%. The intermediate detuning Δ is known precisely for the one-
color two-photon transition Δ = 76 MHz. 
The values for the dipole strength d0 obtained from the one-color measurements 
are in good agreement with the generally accepted value of cío = 0.437 Debye [25], 
as can be seen in table 1. 
For the linearly polarized laser beam with a diameter of 8 mm simulations of 
the power-scan and the interaction time scan have been performed. The total 
population in the final state, p'° ' has been calculated as function of the fluence σ 




¿ e » = / Σ,Ρ%И . M = - 4 , ..0, ..4, (5.11) 





f/ stands for the interaction time and Ρ for the laser power. An 
integration was performed over the 800 kHz Doppler-residue of the molecular beam. 
The result is included in fig. 3 b (dashed curves). The value for the dipole strength 
do was taken 0.437 Debye. Two conclusions can be drawn. The diminishing con­
trast for successive π-pulses -in case of a power scan and the enhanced contrast 
obtained with the technique of changing the interaction time- demonstrate good 
agreement between the simulations and the observations. The procedure to evalu­





to be justified. 
The two color measurements are not taken as subject of a quantitative inter­
pretation. The results shown in fig. 8 show qualitatively the right trend; their 
evaluation, however, is hampered by the fact that strong AC-Stark effects are like­
ly to occur. It did not seem worthwhile to include these properly in our treatment. 
In the dressed state model it is easy to see that the presence of many photons in 
two radiation modes of nearly the same energy yields large multiplets of nearly 
degenerate states, e.g. |α)|/ΐι)|τη.2) with ni + πΐ2= constant, 3> 1, in addition to 
|6)|щ — 1)|тп2) and |c)|ni — 2)|тті2). The radiative coupling between these multiplets 
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renders the dressed state model untractable but still explains the observed devia­
tions from simple predictions. For a more profound discussion of the phenomena 
concerning multi-color mul ti-level excitation processes we refer to Karlov, Paramov 
and Alimpiev [7, 26, 27]. 



















ТаЫе 1. Values for the effective dipole moment d
abdbc and the resultant transition 
dipole strength do for different experimental conditions. Columns 1-3 characterize 
the experiment. Column 4 gives the 'slopes' as obtained from the linear fìts in fig. 
4. 
linear polarization, |dM| = 0 
|M a | dabdbc a.m.v. 
0 
1 0.14 
3 0.28 ƒ ° · 2 6 
circular polarization, dM = — 1 





3 0.36 > 0.34 
4 0.32 1 
ТаЫе 1. In the first column the initial M
a
 values are specified. In the second 
column the values of d
abdbc are listed obtained in terms of do (eq. 10). The 
average mean vaiue (a.m.v.) of the strongest contributions is given in column 3. 
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5.6 Appendix 
The analytical formula for the population of the final level in a two-level system is 
obtained from the Optical Bloch equations. For the special case of a squared-pulse 
shape of the em field this results in the expression similar to eq. 3. The interaction 
time r results from the width of the squared pulse and the beam velocity v. The 
strength of the em field intensity is constant yielding an analytical expression for 
the Optical Bloch equations. 
For a Gaussian shaped intensity field the em field strength experienced by the 
molecules varies in time. The Optical Bloch equations have to be solved with this 
time dependence of the em field strength which is given by 
£(t) = e0exp[-(^-\ ] (5.12) 
with £0 the maximum field strength, г; the velocity of the beam molecules and w0 
the half-width of the Gaussian profile. Application of the pulse area theorem [12], 
the population p
cc
 given in eq. 3 for a laser field on resonance with the transition 
frequency takes the form 
? c c = s i n 2 [ ( ^ ) 2 JE\t)dt] (5.13) 
For a full Gaussian profile the time runs from —oo to oo and the expression can 
be solved analytically (see below). When the Gaussian beam is partially cut off 
symmetrically around the center with a slit of total width 2a the integral can only 
be evaluated numerically. The effective interaction time for a two-photon transition 
is defined as 
W°) =
 2 f « P H ( £ ) W y f > r ( £ ) (M4) 
with a half the slit width and Erf(x) the error function [24]. For χ —• oo the value 
of the error function equals unity. This gives the effective interaction time 
T
eff(a -• oo) = J | ^ . (5.15) 
This value can be compared to the interaction time with a square intensity profile, 
2WQ/V. 
For the experiments it is necessary to know the magnitude of the electrical field 
strength which results from the measured laser power. The relation between laser 
power and the electrical field strength is given by the Poynting vector S which 
stands for the energy flux of a radiative field through an infinitesimal element of 
surface area dA. The total power Ρ follows by integrating over the total area of 
the radiative field 
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Ρ = [ ÑdA = \e0c f £2(x, y)dA, (5.16) 
JA 2 JA 
for a laser field running in the ζ direction with electrical field strength £(x,y) 
and with Co the dielectric constant and с the speed of light. For a laser beam 
symmetrically cut off by a slit of total width 2a and using the general expression 
for a Gaussian beam the laser power is expressed by 
Ρ = \e0cwlS¡ f exp[-2 (—) }dx f exp[-2 (^-) }dy. (5.17) 
2 J-a/2 \w0j J-oo \w0j 
This equation can also be expressed in terms of the error function Erf(x) yielding 
P ^ e o C ^ E r f ^ ) . (5.18) 
which leads to the resulting relation between the total power in a Gaussian beam 
and the electrical field strength E in absence of a slit 
Ρ = ^ocwfco2· (5-19) 
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Doppler-free two-photon Ramsey Fringes in the 
ΙΟμητι region 
A.F. Linskens, W.L. Meerts ала J. Reuss 
Department of Molecular and Laser Physics, University of Nijmegen 
Toernooiveld, NL-6525 ED Nijmegen, Netherlands 
C.J. Bordé 
Université Paris-Nord, France 
PACS: 3320E, 3540Y 
Abstract 
In the infrared region (10.6 /ш) conventional Ramsey fringe pattern are easily 
destroyed due to the Doppler residue of the molecular beam. In case of a two-photon 
transition this problem can be overcome, using two standing-wave-field interaction 
regions. In each region counter propagating photons are absorbed, eliminating the 
Doppler effect. 
We use our recently discovered SF6 -two-photon- P(4)E transition with a slight 
detuning of the intermediate level in order to produce Ramsey fringes utilizing a 
CO2 wave guide laser. In the first interaction zone a superposition state is created, 
which persists in the field free region and which is probed in the second interaction 
zone. Ramsey fringes can simply be understood as an interference phenomenon of 
this oscillating superposition with the laser frequency (ω0) in the second interaction 
zone. 
The distance in frequency between two separate Ramsey fringes is given by 
δν = ^?. An absolute experimental accuracy of the frequency ^ = 14-3· 101 0 
has been achieved. 
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6.1 Introduction 
To obtain very accurate values for the transition frequencies, the Ramsey fringe 
technique is successfully used in radio- , micro-wave and optical spectroscopy 
[1, 2, 3]. In the infra-red region (10 μπι) the classical one-photon Ramsey fringe 
pattern is easily destroyed due to the Doppler effect induced by the divergence of 
the molecular beam and the laser beam. Still Bordé et al. [4, 5] obtained a fringe 
spacing of 5 kHz utilizing the four-zone technique with counterpropagating waves. 
In case of a two-photon transition this Doppler problem can be overcome, using two 
standing-wave-field interaction regions. In each region two counterpropagating pho-
tons are absorbed, eliminating the Doppler effect. This technique was proposed [6], 
discussed [7] and realized in the optical region in a Rb atomic beam [8]. 
Our recently found two-photon transition in SFe, e.g. the P(4)E in the 2і/з-
overtone band [9], is used here to produce Doppler-free two-photon Ramsey fringes 
in the infrared. The experiments have been performed with a narrow linewidth 
cw CO2 waveguide laser. In the first interaction zone of the molecules with the 
laser field a superposition state is created, which persists in the field free region 
between the two interaction zones. The superposition state is probed in a second 
laser-molecule interaction region producing Ramsey fringes which are detected by 
a molecular beam bolometer. 
Ramsey fringes can be understood as a beat phenomenon between the molec­
ular transition frequency and the laser frequency. The Ramsey fringes spacing is 
inversely proportional to the length of the field free zone. The absolute accuracy 
of the frequency can amount up to one part in 1015 — 101 6 for a perfect experimen­
tal setup [10]. In our relatively simple experimental set up the accuracy already 
amounts to one part in 3 · 101 0. 
6.2 Theoretical model 
6.2.1 The ideal single molecule case 
The detailed theory of Ramsey fringes in the one-photon [11, 4] and the two-
photon [6, 7, 12] case has been described in detail. We will restrict ourself to 
characterize Ramsey fringes in an easily understandable model. We first discuss a 
single molecule interacting with two electromagnetic fields (em fields) separated in 
time. The excitation can involve either a one- or a two-photon transition. The basic 
concept of our model consists of the beating of the em-field frequency u
em
 with 
the molecular eigenfrequency, u>
mo
;. The molecular frequency is started oscillating 
after interaction'with a nearly resonant em-field. The wave function \ψ), describing 
the molecular state is formed by a superposition of the ground state \a) and the 
excited state |ò), both with their respective phases 
\ψ) = а\а)е-іЕ^л + ß\b)e-tEkt^ (6.1) 
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where α and β denote the amplitude of the energy levels \a) and |ò), respectively. 
With this wave function e.g. the molecular dipole moment, d = α*/?μ
α
6β-'(ω*"0, ί -Ь 





i = (Eb - Εα)β, (6.2) 
with E
a
 and Еъ the energies of level \a) and \b). The coefficients a and β depend 
on the amplitude £ and the time of interaction τ of the applied electric field. They 
determine the relative weight of the contribution of level |o) and \b) in the molecular 
superposition state; if one of these coefficients equals unity the molecule is in one 
of its stable eigenstates and the molecular dipole moment turns out to be zero. 
Before the interaction of the molecule with the first em-field the molecule is in its 
groundstate yielding a = 1 and β — 0. 
The basic Ramsey fringe scheme consist of two em-field-molecule interaction 
zones separated in time. In the first interaction zone the molecular clock is started 
ticking with the molecular eigenfrequency u>mo¡ by interaction with a nearly res-
onant em-field. The range of the em-field frequency cje m for which this process 
will take place is limited by the interaction time broadening, around the resonance 
frequency umoi which can be regarded as a molecular constant. 
The molecule enters the Pree Field Zone (FFZ) and both em-clock and molecular 
clock tick independently with their own frequency. The phase between the two 
'clocks' will change continuously in time giving rise to a beat in frequency with 
(іі)
ш
і — w¡aaer)í. Using a second molecule em-field interaction applied after time 
T, the phase difference 
Φ = ( u w - u)
em
) • Τ with Τ = - (6.3) 
ν 
with L the length of the free field zone and ν the molecular velocity, between the 
two clocks can be probed. This phase difference can take on any value, depend­
ing on the em-field frequency u
em
 and the time lag Τ between application of the 
two fields. Yet, two limiting cases of the resulting effect on the final state of the 
molecule can be distinguished: 
1. The em-field frequency ш
ет
 and the molecular frequency u
mo
i are in phase 
(Φ = 2ηπ). The process that was started in the first interaction zone is com­
pleted by the second em-field, just as if the field free zones were absent. For 
instance, if both еш-fields would individually act as a π/2-pulse, their com­
bined action would now be that of a single π-pulse. The bolometer detector 
finally intercepting the molecular beam would register a maximum signal. 
2. Both frequencies are out of phase by Φ = (2n + 1)7Г. In the second inter­
action zone the inverse process of what occurred in the first interaction zone 
takes place. The molecule leaves the second interaction zone brought back 
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to its original groundstate, just as if the em-fields were not there at all. The 
bolometer detector now shows a zero signal. 
The phase Φ after the time Τ of travel through the free field zone is determined 




, Φ = 0, irrespective of the precise value of the velocity 
of the molecule. A change of the em field frequency results in a different phase. 
If the ω
ετη
 is detuned from the molecular resonance frequency in such a way that 
Φ = π, the second interaction changes the state of the molecule e.g. from \b) to \a). 
The energy of the molecule is detected by the bolometer and the process will lead 
to a fringe minimum. The em-field frequency detuning, ¿ e m , which corresponds to 








бет = π - . (6.4) 
Increasing the distance L leads to a closer spacing of the Ramsey fringes and thus 
to a higher accuracy. The number of oscillations Nmo¡ in the free field zone, de-
picting how many times the molecular dipole moment changes sign, results from 
the molecular frequency and the flight time Τ in the free field zone 
N
mol = ытЫ · Τ, Γ = L/v. (6.5) 
6.2.2 The realistic molecular system 
The above ideal picture is only partially applicable to a realistic physical system 
like a molecular beam, with its certain velocity spread, its beam divergence, laser 
beam divergence. The velocity distribution which is always present in longitudinal 
and transverse direction smears out the fringe pattern. 
The longitudinal velocity distribution only limits the width of the central fringe. 
The slower molecules always produce less spaced fringes due to the longer inter­
action time Τ between the two em-field zones. All molecules regardless of their 







slightly detuned the fast molecules may still contribute their fringe maximum, the 
slow molecules already encounter their first minimum. This results in a diminished 
maximum at resonance frequency. 
The transverse velocity distribution, however, will destroy the whole fringe pat­
tern by Doppler shifts (see fig. 1). This distribution of molecules crossing the 
interaction zones under different angles with respect to the well defined molecular 
beam axis determines the number of molecules spotted by the detector, e.g. con­
tributing to a fringe maximum. The molecules running through the interaction 
zone under an angle will give rise to a Doppler shift of the resonance frequency. 
This means that the em-field clock runs with a different frequency for the different 
transverse velocity groups in the molecular system, leading to a superposition of 
mutually shifted Ramsey fringes (individually all of the ideal type of fig. 1, left 
side) and thus to a smearing out. 




 ω π Μ ( -δ ω™, ω^,+δ 
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Figure 6.1. On the ¡eft side tbe Ramsey fringes for one molecule are illustrated. On the 
light side the result of the addition of the fringe pattern for three groups of molecules, 
each with a slightly different transverse velocity component, is schematically shown. A 
shiñ in resonance frequency of δ for the em-ñeld destroys the original fringe pattern. 
The transverse detector dimension D to probe only one velocity group without 
a perturbation of the central fringe is limited by an angle θ ~ D/L between two 
velocity components. The Doppler shift corresponding to half the fringe spacing 
determines the maximum permissible detector size. For the infrared with λ Ci 
ΙΟ.βμπι this yields an non-realistic small detector size of D = 1 micron. For the 
realistic detector size of 1 mm the maximum Doppler 'smear' amounts to 103 fringes. 
6.2.3 Ramsey fringes in a two level system 
To avoid the smearing out of Ramsey fringes the basic concept has to be applied 
twice to two identical Ramsey sections with, however, reversely propagating em-
fields (see e.g. fig 3.). The second interaction zone of the first Ramsey section and 
the first interaction zone of the second Ramsey section may be superimposed. 
In the first Ramsey-section the interaction with the em-field starts the clocks, 
for all velocity groups ticking with different frequencies. In the second zone the 




where ω ^ is the em-field frequency for the molecules on the molecular beam axis 
and 6^ is the Doppler frequency shift with respect to this fundamental resonance 
frequency. 
Immediately after the probing the molecules, still ticking, enter the second 
Ramsey-section, however, where the fields now propagate in the reversed direction. 
The molecules with a Doppler shifted resonance frequency of 6^ in the first section 
will now have their resonance frequency shifted by the same amount but oppositely 
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in sign, -6?
m
. The result is that the total phase differences between different 
velocity groups are cancelled. In this way the smearing out of the Ramsey fringe 
pattern as a result of the Doppler residue in a molecular beam is eliminated (see 
fig. 2). 
****** ттмштш 
em-field clock -> 
Figure б 2. Four zone interaction scheme as proposed by Bordé. In the first section the 
laser clock may be delayed with respect to the molecular clock. In the second section 
the laser clock is accelerated by the same amount, si i.e. the delay of the first section 
is compensated in the second section. The 'clocks' stand for the laser clocks which are 
compared to the molecular clocks m the final interaction zone after time IT. 
The main disadvantage of this scheme is the requirement of two exactly identical 
Ramsey sections. From the previous discussion it is clear that if there is a little 
difference in travelling time for the molecules in the two different sections the central 
fringe disappears. The phase difference between the interacting laser beams has 
to be stable; for a large distance L it becomes more difficult to obtain this phase 
stability. This puts a strong experimental limitation on the application of the one-
photon Ramsey fringe technique. This technique making use of four-interaction-
zones has been proposed by Bordé in [7] and experimentally realized in [4, 5]. A 
fringe spacing of 5 kHz in the infrared has been obtained. 
A scheme based on the application of three equidistant standing wave interaction 
zones was proposed by Chebotayev [11]. The here discussed double-clock picture 
can be directly applied; the situation of fig. 2 holds twice, all propagating waves 
being accompanied by counterrunning ones and vice-versa. 
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6.2.4 Doppler-free three level scheme 
In case of a two-photon system with a permissible intermediate detuning) the 
Doppler-free two-photon scheme can be used. In this type of transition a two-
zone standing wave field technique can be applied [6]; a two-photon transition can 
take place absorbing one photon from the incoming and the second photon from the 
counterpropagating beam. The change in frequency as a result of the Doppler shift 
caused by the different molecular velocity groups is equal in magnitude but opposite 
in sign for the incoming and counterpropagating em-field. The two-photon reso­
nance frequency is the same for all velocity groups since the frequency shifts ±6^ 
cancel. What had to be done separately in case of a two level scheme by means 
of two complete Ramsey sections (fig. 2) can now be performed simultaneously by 
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Figure 6.3. Doppler-free two-photon scheme. On the ¡eft the two-photon energy scheme. 
The shaded arrows correspond with the (Doppler shifted) molecule-laser interaction in 
the experimental picture on the right. The sum frequency in point I or II is constant 
independent of the transverse velocity of the beam molecules. 
The advantage of the Doppler-free two-photon scheme in comparison with the 
two level scheme is obvious. It eliminates the requirement of two geometrically 
identical sections. Even an inclination of the Ramsey interaction zones with respect 
to the molecular beam axis becomes unimportant, fig. 3. The possibility to apply 
the two-photon Ramsey fringes is present whenever the molecular level scheme is 
appropriate and bears a great promise for obtaining frequency standards in the 
infrared. 
6.3 Experimental 
6.3.1 Laser and Etalon system 
The basic ingredients to perform the experiment comprise a narrow bandwidth 
laser, the optical alignment to create the two standing wave interaction zones and 
the molecular beam machine, fig. 5. The general experimental set up has been 
described in detail [13, 14, 9]. 
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Figure 6.4. Two standing wave interactions. The standing wave ñeld set-up eliminates 
the Doppler effect in case of a two-photon transition. All beam molecules experience the 
same two-photon sum-frequency (white areas) and all molecular clocks are started at the 
same time. 
We use a home built CO2 waveguide laser with a short term stability of 100 kHz 
in a free running mode. To improve its stability the laser was locked to a home 
built Fabry-Perot Interferometer (FPI) with a long term stability of 2; 1 kHz. 
Passive stabilization of the FPI was achieved by choosing constructing materials 
of compensating thermal expansion coefficients and good thermal stability. The 
two étalon mirrors are mounted in aluminum holders and the distance between the 
two mirror-mounts is fixed by a quartz-glass tube of 50 cm yielding a Free Spectral 
Range (FSR) of 300 MHz. The reflectivity of the étalon mirrors is 99.2% (Finesse 
= 400). The thickness of the aluminum holders was chosen such as to get a zero 
thermal expansion coefficient in combination with the quartz tube. One of the 
mirrors is mounted on a PZT-translator to tune the transmission frequency of the 
étalon. The ultimate stability of the distance between the two mirrors is limited by 
the mechanical stability of this PZT-translator. A long term stability was ensured 
by placing the étalon in an environment of constant temperature (6T < 0.01° С). 
Pressure fluctuations inside the étalon were minimized by closing the outer shield 
and utilize low pressure (~ 100 mbar). 
The laser is locked to a transmission peak of the étalon. For this, the étalon 
cavity length was slightly modulated, e.g. by changing the distance between the 
two étalon mirrors. The speed of modulation as well as the modulation depth 
determines the final laser stability. Due to the relatively large weight of the mirrors 
a modulation in length by means of the PZT translator could only be performed 
with frequencies below 1 kHz. A faster change of the optical path length is achieved 
by varying the refractive index of the (gaseous) medium inside the étalon by a new 
technique of acoustical modulation. 
A thin Piezoelectric film or PZT film with dimensions 200 χ 50 mm2 (KYNAR, 
Elf Atochem Sensors, Inc.) is placed inside the quartz glass-tube. A high frequency 
oscillator with an output voltage of 150 V drives the PZT-film, generating an 
acoustical wave. The refractive index between the two étalon mirrors is altered 




C02 laser OAM 
Figure 6.5. Experimental set up. The CO2 laser system consists of the CO2 wave guide 
laser locked to the FPI-etalon. With the Opto Acoustic Modulator and by adjusting the 
length of the laser cavity the laser frequency was brought into resonance with the two-
photon transition frequency. The telescope was used to obtain a nearly parallel beam. 
The beam was spatially filtered with a pinhole placed in the focus of the telescope (fi=20 
cm, Í3=40cm). Two laser molecular beam interaction zones were made utilizing a retro 
reflector at a distance of 6 m from the pinhole. The laser beam diameter 2wo at the 
interaction zones was 11 mm, where wo is the laser waist defined by the 1/e value of the 
laser field intensity. The internal energy of the beam molecules is detected with a He 
cooled bolometer. 
by the acoustical wave and the interference signal thus changes. The modulation 
frequency could be chosen up to 25 kHz. The transmission signal, detected with a 
high speed LN2 cooled HgTeCd detector, is fed into a Lock-In amplifier optimized 
for high frequency output with minimized phase-lag between in- and output signal. 
With this signal the laser frequency is locked to a transmission peak of the étalon. 
The laser stability has been improved to 1 kHz in best performance if acoustical 
vibrations inside the laboratory were not too large. 
The final slow scanning of the laser frequency was performed making use of the 
PZT-translator. The expansion of the PZT-translator nearly linearly follows the 
driving voltage which had to be very stable. An FSR of 300 MHz was covered 
applying a voltage sweep of 1 kV. The used voltage supply unit had a stability of 
better than 1 -j-107 yielding, sub-kHz étalon frequency fluctuations. In the future 
pressure tuning will be applied without use of the PZT translator. 
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6.3.2 Laser-molecular beam interaction 
Two standing wave interaction zones were created focussing the laser beam with 
the use of an optical telescope on an end-mirror. The telescope consists of a 25 
cm and a 40 cm lens. The beam quality was improved performing spatial filtering 
in the focus of the telescope with an aperture of .2 mm. The space between the 
two lenses was optimized to obtain a nearly parallel beam. The reason for this is 
to ensure the existence of plane wave fronts in the interaction zones as well as the 
uniformity of the interaction zones. After the telescope the minimum laser waist, 
where the end-mirror is placed, is at a distance of about 6 m. The divergence of 
the laser laser waist beam for a distance of ± 1 meter with respect to the minimum 
laser waist was calculated to be < .01 mrad. 
Laierbeam Powerprofllea. 
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Figure 6.6. Transverse laser beam profile at minimum waist after the telescope and at 
places ± 1 m with respect to the minimum waist. The horizontal axis gives the relative 
slit position (slit width = 1 mm). The used laser power was 100 mW. The curves are 
Gaussian fits. 
Using a 1 mm slit the laser beam profile was measured at the place of the 
minimum waist and for a distances of about ±1 meter with respect to the minimum 
waist. The results are plotted in fig. 6; the solid and dashed curves indicate a 
Gaussian fit. It shows that the laser beam profile hardly differs in the different 
interaction zones; this implies a standing wave field with similar curvature for both 
:= at retro. 
- - := .0 meterá after retro. 
Doppler-free two-photon Ramsey fringes 111 
propagating and counterpropagating waves. The waist u>o of the laser beam in both 
interaction zones at ± 30 cm and ± 80 cm with respect to the focus is evaluated 
to be 11 ± 1 mm. 
Utilizing this optical setup the nearly parallel laser beam was focussed on a 
100% reflecting mirror placed at the position of the minimum waist. The distance 
L between the two interaction zones was controlled with a retro-reflector. The 
change in the waist of the laser beam is plotted in fig. 7 as a function of the 
distance. The interaction zones with the molecular beam are indicated by 1 & 
2. To avoid interaction of the reflected laser beam with the laser cavity a slight 
misalignment of the end mirror was introduced (~ I o ) . 
To obtain a fringe spectrum the laser was tuned. Use was made of an Opto 
Acoustic Modulator (AOM, IntrAction Corp) to bring the laser frequency close 
to resonance with the molecular transition to be investigated. The OAM also 
permitted a change in laser power by changing the driving power for the crystal. 
The internal energy of the molecules was detected with a bolometer cooled down 
to 1.5 К applying Lock-In sampling techniques. The bolometer size is 1 χ 5 mm 2 , 
the long dimension being placed in horizontal direction. 
" Laser beam optical path 
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Figure 6.7. Laser waist (vertical scale) as a function of the optical path length in the 
experimental setup ofßg. 5. The minimum laser waists wi, W2 and w3 are created by the 
lenses f 1=80 cm , f2=20 cm and t3=40 cm, respectively. The retro-reñector was placed 
at a distance of 12 m. The arrows indicated with 1 and 2 denote the molecular beam 
interaction zones. 
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6.4 Results 
6.4.1 Doppler-free two-photon signal. 
The molecular system chosen to observe the Ramsey fringes was the ro-vibrational 
P(A)E two-photon transition of the ^-vibrational mode of SFÖ characterized by 
(i/3 = 0, J = 4) - • (1,3) -» (2,3), at a spectral position of 28,412,764 MHz [9]. This 
two-photon transition is +174 MHz detuned from the center of the CO2 10P16 laser 
line with an intermediate level detuning of +76 MHz. A 2% mixture in He was 
used with a stagnation pressure of 1500 Torr. The velocity of the SFe molecules 
was 1250 m/sec with a spread of 250 m/s. 
In fig. 8 the Doppler-free two-photon signal is shown. For demonstration pur-
pose, the inclination angle of the standing wave field with the molecular beam has 
been chosen especially large (inclination angle of 2.5°). The middle peak arises from 
the Doppler-free two-photon absorption (see also fig. 3) arising from one photon 
absorbed from the propagating beam and the other from the counterpropagating 
beam; its spectral position is solely determined by the molecular resonance fre-
quency; its width is caused by interaction time broadening. On top of this feature 
the Ramsey fringe pattern is already evident. The two other features on the left 
and the right side of the central peak result from the absorption of two-photons 
from the propagating or from the counterpropagating beam; due to the inclination 
between molecular beam and laser beam they give rise to a red or a blue shift of 
1.5 MHz of the resonance frequency. 
The blue and red shifted features are situated symmetrically around the central 
frequency and the frequency shift \δν/ν\ — (ν/с) sin ф
г
 depends on the inclination 
angle ф
і
 ss 1.0°. The widths these two peaks allows to determine the Doppler 
spread within the molecular beam which results from the detector size in horizon­
tal direction (5 mm horizontal) yielding фо = 5 mrad; the corresponding shift 
amounts to 800 kHz The frequency scan in fig. 8 was recorded with a laser inten­
sity (P=100mW, WQ = 3mm) just enough to saturate the Doppler-free two-photon 
feature. The intensity for the standing wave is doubled as compared to that of the 
travelling waves, which explains the difference in absorption strength. On top of the 
Doppler-free two-photon feature the Ramsey fringes clearly occur, corresponding 
to a field separation L ~ 1.0 cm yielding a fringe spacing of ~ 100 kHz. 
6.4.2 Doppler-free two-photon Ramsey fringes 
The final experiment was performed with the setup described in section 4.2 with 
a distance between the standing wave interaction zones of 70 mm. The used laser 
power was 200 mW which produced half the bolometer signal compared to the signal 
for the two-photon transition in saturation (~ 400mW). Due to the large beam waist 
of 11 mm diameter and the limited size of the molecular beam machine entrance 
ZnSe windows of 1 inch it was not possible to perform an 'inclined' alignment, as 
for the results of fig. 8. 
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Figure 6.8. Doppler-free two-photon feature С (central) with satellite peaks R (red shift­
ed) and В (blue shifted). Note the Ramsey fringes on top of peak C. The laser frequency 
detuning is given with respect to the 10P16 COi line center. 
The result of a single scan is presented in fig. 9 a . The recording time for the 
whole envelope was 30 sec with an integration time r = l sec. Due to the instability 
of the PZT translator of the étalon it was not possible to perform a slower scan to 
obtain a larger integration time with a better S/N ratio. On top of the broad band 
envelope the appearance of the Ramsey fringe pattern is evident. Several scans 
were made and accumulated, fig. 9b. 
The Ramsey fringes produce a pattern with a fixed spacing between the fringes. 
Applying a Fourier transformation for a frequency interval containing the Ramsey 
fringe spectrum, only one peak shows up with a position defined by the periodical 
fringe structure £ƒ, e.g. Τ = l/6f; this is demonstrated in fig. 10a. A low cut filter 
was used to suppress the signal resulting from the envelope and the background. 
By accumulating six of these Fourier transformed scans the noise could be reduced 
by a factor of 3 (fig. 10c). Application of the inverse Fourier transformation yields 
the original fringe frequency spectrum, without the broad envelope. The result of 
one single recording and the final result of six Fourier accumulated spectra is shown 
in fig. 9. 
The same technique has been applied with a field spacing of 10 mm. The laser 
beam diameter was cut off to approximately 3 mm diameter just before the first 
interaction zone. The resulting Fourier spectrum after accumulation of 8 scans is 
shown in fig. 11 as well as the back transformed fringe pattern. Less fringes and 
lower contrast are the result of the ratio between field free zone length L and the 
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Figure 6 9. Two-photon Ramsey fringes for the P(4)E two-photon transition in SFe 
(v=1250 m/s, L = 70 mm). The left part (a) presents the obtained result for one 
laser scan. On top several fringes can clearly be seen. The right part (b) is obtained by 
accumulation of 6 separate laser scans, see text. The broad background has been filtered. 
The frequency scale is obtained by saturation dip calibration. 
laser field length given by 2WQ. 
To perform an, albeit coarse, frequency calibration of the fringe spacing a one-
photon saturation dip has been recorded with a laser waist diameter of 11 mm, in a 
standing wave field setup (fig. 12a). The used transition was the P(4)E one-photon 
transition in SF
e
 at 28,412,840 MHz. The laser power to observe the saturation dip 
amounted up to 100 μ\ν which suffices to saturate the standing wave transition; 
the recording time was 30 sec. with τ = 1.0 sec. The FWHM of the one-
photon transition is fully determined by the Doppler residue of the molecular beam 
detection but the FWHM of the saturation dip results from the interaction time 
only, e.g. 6I>TOF — v/y/ñwo. With the laser waist diameter 2w0 = 11mm and 
υ = 1250m/s the interaction time broadening is «125 kHz. The width of the 
saturation dip was taken as reference to determine the fringe spacing in absolute 
frequency units. 
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Figure б 10 Fourier analysis of the signal obtained with a FFZ of 70 mm In fig. 10a 
and 10r the Fourier transformed and back-transformed spectra, respectively, of a single 
scan are shown. In fig 10r' the horizontal axis denotes the laser frequency f. In fig ΙΟ"'11 
the horizontal axis denotes the period of the laser frequency 6f. In fig 10е and 10a the 
spectra for 6 accumulated scans are shown. 
6.5 Discussion 
The Ramsey fringes are evaluated in two different ways. First, the Ramsey fringe 
spacing was deduced from the saturation dip. The fringe spacings thus obtained 
are plotted in fig. 12b with the inverse distance L on the abscissa. The slope of the 
solid line is proportional to the velocity of the molecules. 
Second, a simulation of the line profile was performed utilizing the theory de­
scribed in [4]. In this work the line profile for one-photon Ramsey fringes with 
two travelling wave interaction zones has been calculated (also valid for the strong 
field limit); the transformation rules for the two-photon equivalent are found in this 
reference. The probability amplitude to find the molecule in the excited state |6) 
in case of one-photon Ramsey fringes follows from 
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Figure б 11 Fourier analysis of the signal obtained with a FFZ of 10 mm. In fig 11" 
and llb the Fourier transformed and baci-transformed spectra., respectively, of eight 
accumulated scans are shown. In fig 11 the horizontal axis denotes the laser frequency 
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Figure 6 12. In fig. 12? the coarse calibration of the relative frequency scale for the 
Ramsey fringe spectrum utilizing the saturation dip is shown. In fig 12? the results of 
this calibration is plotted for field spacing of 70 mm (A) and a field spacing of 10mm (B) 
The error bars indicate the inaccuracy of the calibration. The slope of the line stands 
for the velocity of the beam molecules. 
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The total absorption strength is given by όό*; relaxation terms are neglected. The 
laser field interaction time is denoted by τ = v/2wo with WQ standing for the laser 
waist radius. The oscillating terms Ω ^ and Ω3 arise from the dipole interaction 
between ground state | a) and excited state \b), and the laser detuning from the 
resonance frequency ω&
α
 = (Еь - E
a




 = Ω | + 4 Ω ?
α
 (6.8) 
Ω3 = Ш ± kvz — ШЬа-
Here E is electrical field strength and ζ is the direction perpendicular to the wave 
propagating direction fc; the ± index qualifies the propagating (+) and counterprop-
agating (—) direction. The ф
г
 represent the respective phase of the two travelling 
waves in interaction zones 1 and 2.(In case of a standing wave constructed by a 
single laser the phases are constant and can be neglected.) 
In case of a two-photon absorption actually three levels are involved, the initial 
level |a), an intermediate level |&) and the final level \c). The intermediate |ò) state 
has to be detuned far enough to permit the two-photon transition to be described by 
an effective two-level operator; the detuning should be large compared to the one-
photon Rabi frequency Ω(,0 which in our case are 76 MHz and 100 kHz, respectively. 
The Rabi frequency follows from the used laser power of 200 mW. On the other 
hand this detuning should not be too large, in order to avoid coupling to states 
higher up on the vibrational ladder due to high laser intensities needed. 
The term which oscillates with Ω3Γ consists of the sum of two terms, one for 
the first excitation step \a) —> |b) and one for the second excitational step |ò) —* |c). 
In a standing wave field these contributions involve absorption of two mutually 
counterpropagating photons, thus eliminating the fct^term in Ω3 completely. The 
one-photon Rabi frequency Ω0(, has to be replaced by the two-photon equivalent 
with the dipole moments μία and ßd, acting between level \a) —> \b) and |ò) —+ |c) 
for the first and second excitation steps, respectively. Since excitation is performed 
by two-photons a frequency scan of the laser results in a doubled absolute frequency 
detuning. The transformation of eq. 8 from the one-photon travelling wave case to 
the two-photon standing wave case thus involves the following replacements 
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 = О, (6.9) 
Ω3 -> 2u> - и е а 
The energy difference between the ground and excited level determines the two-






)/h and the detuning of intermediate 
level |6) with respect to the resonance frequency is Αω. 
With these replacements a simulation was performed for the fringe pattern 
with L = 70 mm, taking into account m-degeneracy of the groundstate and the m-
dependence of the transition dipole moment and integrating over the longitudinal 
velocity spread. As discussed before, this velocity spread will give rise to a smear-
out of especially the outer fringes, which is clearly observed in the simulation. 
The result is presented in fig. 13. The fit is plotted together with a single scan 
recording. The frequency scale of the observed Ramsey fringe pattern had to be 
rescaled within 10% for agreement with the simulated fringe pattern. Most of the 
observed fringes can be recovered from the simulated spectra. Also the observed 
interaction time envelope is in good agreement with the predicted one. 
For the four zone interaction scheme Bordé derived the theory in the weak field 
limit. In this paper the Ramsey fringe pattern taking into account the Gaussian 
intensity profile of the laser beam is described [7, 12]. The geometry of each in-
teraction zone can be treated realistically instead of our approximation of four 
equivalent travelling waves in the two interaction zones. 
Utilizing the Fourier transform accumulation technique the frequency accuracy 
obtained amounts to 1 kHz which is 1 4· 3.1010 in absolute frequency units for 
the infrared region (1000 cm - 1 ) . It should be possible to improve this accuracy 
by 3 orders of magnitude using state-of-the-art C02-laser technology in a suitable 
experimental setup with an extended Ramsey cavity length and reduced beam 
velocity. 
Although the Doppler-free technique is limited to two- (and four) photon tran-
sitions it already can be applied to more than 100 recently found one-color two-
photon transitions in SFo [9,14, 15] opening a new spectral field and giving insight 
in up to know unaccessible spectroscopic features. Finally this technique is very 
promising to obtain a super high quality frequency standard in the infrared region 
and it will be competitive with alternative standardization methods [10, 16]. The 
expectation is that 1 4-1016 is possible. 
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Figure 6.13. Simulated Ramsey fringe spectrum for L=70mm (dashed line, eq. 8) com­
pared to observed (dots). Tbe horizontal scale denotes the relative frequency. The 
smear-out effect due to different longitudinal velocity components is taken into account 
in the simulation, as well as the influence of different m-states. 
6.6 Conclusion & Outlook 
Two-photon Ramsey fringes have been produced with an accuracy of 1 kHz, in 
the infrared. This yields an absolute accuracy of 1 part in 101 1. The observed 
fringe pattern is in good agreement with the theoretical predictions. A further 
development of this technique will lead to an absolute frequency standard in the 
infrared of several parts in 101 6. This can be used for the frequency calibration of 
this wavelength domain. With the Ramsey fringe technique it is possible to resolve 
the hyperfine structure in two-photon processes. 
The Ramsey fringe cavity itself can also be used as a detector. The narrow 
fringe spacing and the absolute frequency will be very sensitive to perturbations. If 
a second laser field is applied between the two standing wave interaction zones, e.g. 
in the free field zone, it perturbs the molecular 'clock' and this will be observable 
in the fringe pattern. A change in fringe pattern due to the second laser field yields 
coupling to other energy states. In this way a very sensitive and accurate detection 
technique can be developed to investigate the dynamics of the quasi continuum in 
molecules. For this it is not necessary to work with highest frequency accuracy and 
the relatively simple set-up here described will be satisfactory. 
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Abstract 
Multi-photon transitions with two simultaneously interacting IR laser fields lead 
to final states nv = n\V\ + n2U2, with (ni,ri 2) = (1,1),(2,1),(1,3), etc. The 
type of transition can often be determined by shift measurements, e.g. nv = 
7ΐι(ί/1-Γ-Δι/ι)+η2(ΐ'2 + Δ^2) with щА і = η2Δι/2. Evidently, the radiative coupling 
of participating levels to high lying -or quasi continuum- states may drastically 
change for different Ap t leading both to AC-Stark shift and transition probability 
variations. As long as τΐχ + n 2 > 0, one of the two nx may be negative resulting in an 
e.g. up-down-up excitation pathways with its particular selection rules. All these 
effects are discussed on the basis of the C 0 2 laser excitation of the v$ vibrational 
ladder in SF 8 . 
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7.1 Introduction 
In the last four years the high resolution spectroscopy of one- and two-photon 
transitions in the vibrational v$ ladder of SF 6 has seen many new experimental 
results. Measurements have been performed with single CO2 lasers as well as with 
two simultaneously interacting CO2 lasers tuned to different frequencies. With 
these two-laser experiments the spectral window could be extended resulting in 
about 200 new two-photon transitions of rotational quantum numbers J < 40. 
These are what we will call up-up transitions. The outcome of these experiments 
was utilized to refine the Hamiltonian describing multi-photon transitions up to 
the fourth vibrational step [1, 2, 3, 4]. Evidence has already been found for the 
existence of isolated three- and four-photon transitions which could be predicted 
with an accuracy of 200 MHz utilizing the refined Hamiltonian [2]. 
High resolution multi-photon measurements (и 30 MHz) and calculations were 
already performed by several groups [5, 6, 7] and references cited in there. Recently, 
Alimpiev & Sartakov published a survey spectra of successive one-photon transi­
tions in the 1/3 ladder of SFÔ up to the fourth vibrational step with a resolution of 
30 MHz [8]. 
In this paper isolated three- and four-photon transitions measured with an ex-
perimental resolution of 1 MHz are put into evidence; resulting line positions are 
compared to the predicted ones from [2]. Use was made of two highly stable 
CO2 lasers interacting simultaneously with SFß seeded in a molecular beam. The 
frequency position of multi-photon spectral features is determined by a specific 
combination of the two laser frequencies. If one laser (laser-1 from here on) is 
detuned in frequency with respect to this combination frequency the second laser 
(laser-2 from here on) has to be re-tuned in the opposite direction to obtain again 
the resonance condition. With this technique a discrimination can be made between 
two-, three- and four-photon transitions. 
New are also the observation of two-level resonant multi-photon excitations to 
the first and second vibrational state which are produced by up-down transitions. 
These phenomena are discussed in a preliminary fashion in [9] and references in 
there. Cagnac et al. use this scheme to produce Doppler-free three-photon process-
es [10]. In general, this type of transition is obtained by absorbing ηχ photons from 
laser-1 while stimulated emission with TI2 = π — ni photons is induced by laser-2. 
The number η indicates the final level of excitation. For η = 1 the combined fre­
quency has to be in resonance with an ordinary one-photon transition. Utilizing 
the shift technique proof we will present evidence for the existence of up-down ex­
citations. If laser-1 is detuned in frequency with respect to resonance, laser-2 has 
now to be retuned in the same direction so that the detuning for the combined 
absorptions and emissions can compensate. Due to the reversed shift compared to 
the shift of up-up multi-photon transitions these transitions can be clearly recog­
nized. Resonances with one-photon excitations are observed and also evidence is 
found for the occurrence of processes resonant with two-photon transitions. 
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For the up-down transitions AC-Staxk effect on line positions indicates the cou-
pling of the low lying vibrational states to states higher up the ^-ladder. In 
addition to broad band coupling producing overall shifts of the resulting transition 
frequency also local resonances are found. They are recognized and distinguished 
by their resonance-like AC-Stark shift. 
7.2 Experimental 
The experimental set-up is described in [1,11,4] and consists of a molecular beam 
apparatus and CC^-laser systems. 
The experiments have been performed with two stable, high power CO2 wave 
guide lasers. Both lasers are locked to Fabry-Perot étalons (FPI) which could 
be tuned over the full free spectral range of the lasers of about 250 MHz. The 
tuning range was extended with Opto Acoustic Modulators providing a frequency 
shift of ±100 MHz per pass. With a maximum of two passes the total frequency 
range for both lasers explored was 350 MHz to the red and the blue side of the 
central frequency. The investigated frequency domains for the various laser line 
combinations are listed in table 1 (column 2). The laser line centers are taken 
from [12] 
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Table 1. Frequency intervals for the laser line combinations explored in the exper­
iment. The laser frequency range with respect to the line centers is listed. The 
absolute frequency range for the various types of multi-photon transitions are list­
ed in the lower part. The column e.g. 1+3 denotes absorption of one photon of 
laser-1 and three photons of laser-2. 
Single scan tuning ranges were usually limited by the long-term drift of the 
FPI's and frequency irregularities in the far wings of the laser gain profile. Laser-1 
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is scanned continuously over the accessible tuning range of 200 MHz. Laser-2 is 
tuned stepwise with a step interval of about 10-20 MHz. The respective values are 
listed under the heading tuning range in the upper part of table 1. 
The resonance condition for an щ + пг-photon transition is 
— = nii/i + n2u2 (7.1) 
with t/, the frequency of laser г and n, the total number of photons absorbed from 
laser-i. A specific multi-photon transition generally can be induced by several dif­
ferent combinations of n, and v
x
. Relation (1) is used to 'translate' the laser tuning 
range into an absolute tuning range for the various types of η-photon transitions. 
The values are listed in the lower part of table 1. The transition types are labeled 
by ni + " 2 , standing for the absorption of n\ photons of laser-1 and n2 photons of 
laser-2. 
The available laser power depends on the number of passes through the OAM. 
For every pass the laser power is reduced by about 50%. Laser-1 is only used with 
a single OAM pass yielding a power of 5 W at line center. Laser-2 with zero-
tuning range -40/40 MHz), single- (tuning range 60/140) and with double-OAM 
pass (tuning range 160/240) yields a maximum laser power at line center of 20 W, 
10 W and 5 W, respectively, with a waveguide amplification stage added. 
Transmitting a thermally stabilized HeNe-laser through the FPI of laser-1, fre­
quency markers are obtained every 4.5 MHz. The frequency scale was linearized 
between the markers. With the use of a saturation dip obtained from the CO2 flu­
orescence at line center, the laser-1 frequency scans for various frequency positions 
of laser-2 could be brought into overlap within an accuracy of about 1 MHz, see 
also [13, 11]. 
The molecular beam is formed by the expansion of a 2-5% mixture of SF6 in 
He through a circular nozzle of 30 μπι diameter. The stagnation conditions are 
Po=1500 Torr, T
o
=300 K. After interaction with the laser radiation the molecules 
impinge on a cold bolometer, Ть=1.5 К, transferring their energy [14]. From the 
laser induced signal the molecular beam background noise is minimized applying 
Lock-In techniques. Laser-2 was modulated by a mechanical chopper. 
7.3 Results and discussion 
7.3.1 Up-up spectral features 
The investigated spectral intervals were chosen according to the predictions of three-
and four-photon transitions made in [4]. The presently chosen spectral intervals 
are promising for observation 
Laser-1 is scanned over its full spectral range while laser-2 is kept fixed in 
frequency. Between successive scans of v
x
, v2 is adjusted in 10-20 MHz steps. Up to 
five step-spectra are obtained within a single scan range of laser 1 demonstrating the 
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Ai^-shifts of the η-photon transitions. In fig. 1 and fig. 2 examples of the recording 
technique are illustrated. The laser line combinations used are laser-1 (laser-2) 
tuned to the 10P16, (10P18) C 0 2 laser line (fig. 1) and to the 10P16 (10P20) laser 
line (fig. 2). The laser-1 scans for five (fig. 1) and three (fig. 2) successive laser-2 
steps are shown. Laser-2 is chopped while laser-1 is scanned, so that only processes 
are detected in which both radiation fields take part. The vertical spacing between 
the different laser-2 step scans is proportional to the laser-2 frequency detuning 
from line center. The straight lines show the shifting of identified spectral features. 
The slopes are obtained from щА і = — n2Av2. The different types of shifts for 
the different features are to be noted. 
In fig. 1 four spectral features are singled out to demonstrate typical shift pat­
terns; they are assigned as follows (•) lv
x
 + 2v2, N(14)F2; (•) Ivi +2u2, R(10)E; ( · ) 
2v\ + 2v2 0(4)E; (Α) 2&Ί + \v2, R(19)F2. The first capital indicates the change AJ 
in rotational quantum number N,0,P,Q,R = AJ = —3,-2,—1,0,+1, the num­
ber between brackets indicate the J-value of the initial level, the second capital 
with subscript denotes the symmetry class of the participating levels. For the three 
of the four assigned features the intermediate levels have been identified within a 
frequency detuning of 1 GHz. They are characterized by 
2 P I fi 1 Ρ1 Й 
N(U)F2 (n3 = 0,J=U,F2,p=l) J Î 4 e (2 ,12,F 2 ,17) ^ 1 8 (3 ,11 ,F 2 ,26) 
n p i c 1 Р 1 Й 
R(19)F2 (n3 = 0,J= 19, F2,p= 1,2,3,4) ™ (2,19,F 2 ,15) ^ " (3,20,F 2 ,26) 
0 ( 4 ) F ( n 3 = 0 , J = 4,B,p = l ) 2 ™ ( 2 , 3 , F , 2 ) 2 ™ ( 4 , 2 , F , 5 ) 
where (пз,7, S, ρ) stand for the vibrational and rotational quantum numbers, the 
symmetry class and the running index, respectively. The transition R(19)F2 con­
sists of a multiplet of four transitions with different initial running indices 1 to 4, 
all having the same transition frequency within 1 MHz. 
In table 2 many other shifting features are summarized as derived from these 
shift measurements. Some of them have been reported in [4] but could not be 
identified at that time without the shift technique. Note that all shifts n\Av\ + 
n2Av2 have to be added to the absolute value τΐχΐ/χ +n2u2 with ^ і ( 1 0 Р 1 6 ) = 28412590 
MHz and v2{WPm = 28359774 MHz. 
In fig. 2 five spectral features are singled out; they are assigned as follows (•) 
li^i + 3i/2, 0(6)F 2 ; (•) li/x + lv2, 0(11)A2; ( · ) l^i + 3i/2 0(9)F 2 ; (A) 3I/I + lu2 
doublet, Q(5)Fi (left) and P(10)E (right). 
The frequency positions of the multi-photon spectral features obtained in this 
way for different laser line combinations are listed in table 2. For all line combina­
tions the previously observed two photon transitions were retained and four new 
ones could be identified; these four are indicated by a heavy dot in table 2. 
All (n = 3)-photon features could be uniquely assigned demonstrating the typ­
ical 2i/\ + \v2 or \v\ + 2v2 shift behavior. The four-photon features designated 
by li/i + Zv2 demonstrate a large shift between successive frequency steps of laser-
2. Therefore, these features could only be detected in 2 step-measurements. The 
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Figure 7.1. Characteristic shifts for the up-up transitions for the 10P16, 10P18 combina­
tion of laser lines. Absorption spectra recorded by scanning laser-1 (10P16) while laser-2 
is chopped, for different values of the ¡aser-2 detuning (right ordinate). All frequencies 
are relative to the respective laser line centers. Only processes due to combined laser 
interaction are detected since the intensity of ¡aser-2 is modulated. Four spectral features 
are singled out (shaded) with their respective shift characterization (oblique lines); the 
slopes are obtained from п іДеі = —пгДі/г- They are (A) 2V\ + \vi\ ( ) 2v\ + 2vi; 
(u) \ui + 2vi; (+) Ivi + 2vi. At a laser-1 detuning of 57 MHz a non-shifting feature is 
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Figure 7.2. up-up transitions for the 10P16, 10P20 combination of iaser iines, as fìg. 1. 
Five spectral features are singled out (shaded) with their respective shifts (oblique line); 
the slopes are obtained from тцА і = —ηιΔντ. They are (u) lv\ + li/2; (%) li/i + Ъ ^; 
(A) 3fi + lf2 doublet structure); (•_) l f i + 3f2. The dotted horizontal lines depict the 
zero bolometer signal. At a ¡aser-1 detuning of about 120 MHz a non-shifting structure 
is found. 
130 Chapter 7 
2ι/χ + 2v2 features show an identical shift behavior as the η = 2-photon features 
with li<i + \v2. The assignment is based on the absence of predicted η = 2 features 
for the observed transition frequencies. The 3fi + lv2 features show small shifts in 
successive step-spectra. 
Prom table 2 it is seen that most of the observed lines agree with the predicted 
ones within a frequency accuracy of 200 MHz. For values of J < 10 the agreement 
between observed and predicted lines becomes even better. The observed 2v\ + 2v2 
features which were not predicted may also be hot-band two-photon transitions. 
Some lines which are predicted to be strong enough to be observed were not found. 
This can be explained by the fact that the Hamiltonian does not include any cou­
pling with other vibrational modes. Especially for the highly vibrationally excited 
states this exclusion becomes questionable. 
In the 10Р16Д0Р18 list the number of observed three-photon transitions exceeds 
the number of predicted ones. For the \v\ + 2v\ list about 10 three-photon features 
are observed in a frequency range of 200 MHz. The three-photon spectral density 
calculated in this region (in a frequency interval of 1.8 GHz), however, was about 3 
lines each 200 MHz. Apparently the influence of other vibrational modes becomes 
so large that the Hamiltonian is not valid anymore for this specific sub-area. This 
partial break-down of the validity of the Hamiltonian for specific sub-regions was 
already suggested by Alimpiev et al. [7]. 
Besides the shifting spectral features, non-shifting spectral features are observed 
in both fig. 1 and fig. 2, and also features that only 'pop-up' for a specific v\ + v2-
frequency combination. 
The non-shifting features are attributed to transition probability modulation by 
laser-2. A one-color resonance of laser-1 with a vibrational level (n > 0), say V, is 
normally not observed, since laser-2 is chopped. If laser-2, however, produces a non-
resonant coupling to a higher vibrational state, the energy levels of the unperturbed 
transition V gets shifted, which results in modulation by laser-2 of the transition 
frequency of V. This change in transition frequency is probed by laser-1 and 
becomes observable [4]. In fig. 1, at (Δ&Ί = 52MHz), the non-shifting derivative 
feature belongs to the 2ivQ(19)E transition [1]. In fig. 2, at (Δι^ = 125ΜΗζ) the 
non-shifting structure is found at a laser-1 frequency detuning for which a group 
of five hot-band lines was reported in [1]. 
The transitions that suddenly 'pop-up' and disappear again are observed in 
single step spectra; they could not be found back after a shift-step of laser-2. They 
are explained by accidental coincidences with highly excited vibrational levels which 
are strongly sensitive to both absolute laser frequencies. An example is found in 
fig. 1 for Δι/ι=110-130 and Av2 = 226 MHz. It is noted that the 'popping-up' 
occurs in a spectral region where a four-photon transition is active. 
For combinations 10Р16Д0Р16 and 10P18,10P18 the spectra were recorded and 
the results are listed in table 3. The assignment for the two- and three-photon tran­
sitions could be ascertained from shift measurements. Most striking is again the 
absence of predicted certain three-photon transitions for the 10Р16Д0Р16 combi-
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nation although 5 other three-photon features have been observed in a spectral 
interval of about 200 MHz. For the 10Р18Д0Р18 combination an observed three 
photon feature is in perfect agreement with the prediction. 
The observed four-photon transition R(9)E -observed three times as 3 Ι Ί + lz/2, 
2ι/χ + 2i/2 and as Ιι/χ + Зі deviates by 170 MHz, which is less than the theoretical 
uncertainty, for the 10Р16Д0Р16 combination (see ( · ) , (A) and (•) in fig. 3). The 
figure shows that for increasing lascr-2 intensity the three features start shifting in 
an identical way which indicates their common origin. For a multi-photon transition 
with large η the resonance frequency becomes plausibly more sensitive to laser 
intensities due to the increased density of levels that possibly couple [15, 16]. A 
shift measurement was attempted; however, the features disappear. They strongly 
depend on the precise value of the laser frequencies. 
With laser-2 at 167 MHz detuned from the 10P16 line center we hit resonantly 
on an intermediate two-photon transition assigned as Q(9)E [1]; the four photon 
transition is then characterized by (see table 3) 
R(9)E (n3 = 0,J = 9,E,p = l) 2 ™ (2,9, E,5) 2 ™ (4,10, £,24) 
For the four-photon transitions of the 10P18,10P18 combination the line positions 
are derived from two different laser-2 frequencies. The two features labeled with С 
and D in table 3 could be observed as three possible transition types, viz. \v\ +Zv\, 
2v\ + 2v\ and Ъ \ + Ivy. For both features a strong dependence of the bolometer 
signal on the Iaser-1, laser-2 frequency combination has been observed. 
From the above results it is evident that for many frequency combinations the 
Hamiltonian can predict the positions of highly excited levels in agreement with the 
observations; for other spectral intervals the observation of many lines where none 
is predicted, may form (first) evidence that the single mode Hamiltonian becomes 
inadequate, locally . Unassignable multi-photon hot-band transitions seem to occur 
with low probability; this conviction is based on our experience with one- and two-
photon transitions [1]. 
Especially the observed three-photon transitions for the line combinations 10P16, 
10P16 and 10P16, 10P18 do not posses theoretical counterparts, though for the 
same line combinations the two- and four-photon transitions demonstrate an ac­
ceptable agreement. This indicates a 'perturbed' spectral region from 2843.2 to 
2839.7 cm- 1 . 
7.3.2 Up-Down spectral features. 
For these type of transitions a combination of laser-1 and laser-2 photons is ab­
sorbed in a "folded" way, see fig. 4. A virtual energy level is reached by absorbing 
photons from laser-1 whereas laser-2 receives photons by stimulated emission. The 
positive Tii in eq. 1 may now be replaced by negative ones. If i/i is slightly blue (or 
red) shifted v^ should be blue (or red) shifted, too, with Au2 = — Π Ι / Τ ^ Δ Ι Ί and 
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Figure 7.3. Triple occurrence of a four-photon transition and influence of coupled levels. 
Laser-1 and laser-2 ase detuned from the 10P16 CO2 laser line. On the vertical scaJe t i e 
power of laser-2 is indicated. The (9) (A) and (ш) indicate the four-photon transition at 
a ¡aser-1 detuning of 165 MHz and 191 MHz (left part, upper traces) and 188 MHz and 
215 MHz (right part, upper trace) which are produced by either 1ь>і + 3i/2 ( · ) 2i/j + 2f2 
(A) and 3J/I + I1/2 (m). The detuning of laser-2 is 248 MHz (¡eft part) and 250 MHz 
(right part). Note the shifting of the 2+2 feature for the different laser-2 detunings. 
The non-similar intensity increase for the three features stem from different intermediate 
detunings. The features A, B, D, Ε, Τ (right part) have been identified as two-photon 
transitions (Q(23)Fi, Q(9)E, Q(22)F2 and Q(9)Fi, P(4)E, respectively) and the feature 
С is an unassigned hot-band structure. At a ¡aser-1 detuning around 174 MHz the P(4)E 
two-photon transition Τ broadens and splits with increasing laser-2 power as a result of 
the AC-Stark effect. The different line shapes in the right and the ¡eft part arises from 
on-resonance (right) and off-resonance (¡eft) pumping of the intermediate level for this 
two photon transition. The horizontal dashed lines indicate zero bolometer signal. 
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Figure 7.4. Up-down level schemes for a 3fi — li>2 (left) and a 2v\ — \ г (right) com­
bination. The number η indicates the η step in the vibrational v^-ladder. The laser 
frequencies are denoted by u
up and Udown denoting absorbed and emitted photons, re­
spectively. On the left the up-up-down-up level scheme is depicted with two different 
pathways. Note the only possible ñnal η = 2 state for this type of transition. On the 
right the up-down-up pathway for both the η = 1 and the η = 2 case is shown which 
happen at the same laser frequency combination. The number of absorbed photons is 
not uniquely determined. 
-П1/П2 > 0. 
In the 10P16-10P16 spectra 10 spectral features have been found with up-down 
signature. Observed up-down spectra are shown in figures 5, 6 & 7. In each figure 
also a two color two-photon feature is observed which could be used for frequency 
calibration. The two features have been assigned as the Q( l l )Fi and the P(4)E 
two-photon transitions [1] with a detuning of 11 MHz and 174 MHz with respect 
to the 10P16 line center, respectively. The opposite sign in frequency shift for 
various laser-2 steps for the up-up and the up-down transitions is striking. From 
the observed shifts the resonance frequencies have been calculated. This is displayed 
in table 4 for predicted η = 1,2 transitions. The observed shift behavior is plotted 
in figures 5, 6 & 7. 
The feature marked with (•) in figures 6 & 7 coincides with the two-photon 
P(4)E transition, (A in table 4). The laser-1 and laser-2 photons can be combined 
in two different manners, i.e. Zv\ — lvz or 2v\ — \v2 + lf\, giving rise to two 
different pathways (see left side of fig. 4). The stepwise shift determination can 
not distinguish between these two possibilities. One deals, however, with a doublet 
structure -with a splitting of about 10 MHz- of which the intensity ratio changes 
for varying the laser-2 frequency. This strongly indicates that both processes occur 
simultaneously giving rise to interference effects. Due to the small slope of this 3,-1 
process the feature (•) shows up only in the scan with a laser-2 detuning of 179 
MHz in fig. 6. (In the trace for a laser-2 detuning of 198 MHz this feature vanishes 
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Figure 7.5. Up-up-down spectra recorded for a laser-1 frequency interval of 140 MHz 
around tbe 10P16 laser transition. The laser-2 shift was varied from -42 to -12 MHz as 
indicated on the right ordinate (with respect to the 10P16 transition, too). The two-
photon Q(ll)Fi transition (*) is observed to shift in opposite direction as compared to 
the up-down features (τ) and (ш). The broad double-peaked structure (ψ) shifts with 
—lA^i + 2Дг>2 and is assigned as a two-photon feature (see text). The P(4)-quadruplet 
(ш) shifts with 2 Δ Ι Ί — ΙΔι/2,- underneath the quadruplet a sharp peaked structure 'pops-
up' resulting from simultaneously occurring one- and two-photon resonances (see text). 
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Figure 7.6. Up-up-down spectra obtained for a laser-1 detuning of 150-290 MHz with 
respect to the 10P16 CO2 ¡ine. The lasei-2 detuning was chosen as indicated on the 
right y-axis in MHz also with respect to the 10P16 line center. The P(4) quadruplet 
(ш) is shaded in the trace for a laser-2 detuning of 160 MHz; from left to right the A\, 
F\, E and F2 symmetry components with an intensity ratio 1:3:4:3 are visible. The 
shifí behavior indicated by the oblique line corresponds to 2Δι/ι — Ι Δ ι ^ · The two-color 
P(4)E two-photon transition (») shifts in the opposite direction as ΙΔ1/1 + lAi/2- For a 
detuning· of 174 MHz laser-1 is on resonance with the one-color two-photon frequency. 
The transition probability is modulated by laser-2 due to coupling with higher vibrational 
states, resulting in the derivative signal. The feature denoted by (+) is an up-xip-up-down 
transition with a shift behavior -ΙΔι/χ + 3Δι/2, see fig. 7. 
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in the broad band absorption centered around 250 MHz.) In fig. 7 a blow-up around 
179 MHz detuning of laser-2 proves this contention. Note that we deal here with a 
four-photon process. 
The feature marked with (τ) in fig. 5 is observed as a 20 MHz broad doublet-
structure (B in table 4). The spectral position coincides with that of three calculat­
ed and observed one- and two-photon transitions, see table 4. Possible combinations 
of photon mixing are li/i — I1/2 + l"i for the one-photon case and 2r/i — 2f2 + 2i>i 
for the two-photon case; these possibilities with nearly resonant intermediates are 
illustrated in the right part of fig. 4. The η = 1 candidate would be expected 
to have the largest transition probability due to the smallest overall intermediate 
detunings. On the other hand the levels with the relatively high J-value (J = 41) 
are scarcely populated in the molecular beam, whereas the initial levels for the pro­
cesses leading to η = 2 ( J = 14,19) are much better populated. For this reason the 
two-photon features are also very likely to be observable, indicating the occurrence 
of six-photon processes in a sharply defined spectral domain. 
The feature marked with (•) in figures 5 L· 6 (C in table 4) consists main­
ly of one photon resonances with the P(4)-one photon quadruplet, first reported 
in [17]. In fig. 5 a sharply spiked background structure is found underneath the 
three P(4)Ai,Fi,E features at a laser-1 detuning of about 100 MHz. This is at­
tributed to the occurrence of a resonant coupling between the first and second 
vibrational states of the P(4)E two-photon transition which becomes resonant for a 
laser detuning of 98 MHz with respect to the 10P16 line center. Instead of coupling 
with one single state, the up-down-up transitions now couple the ground state with 
two different excited states. This 'two-state-coupling' depends on the frequencies 
of both lasers. A similar structure is found at a laser-1 detuning of about 250 MHz, 
where a direct coupling with the one-photon P(4)E component takes place. From 
these locally appearing structures it is evident that photon absorption is strongly 
enhanced in multi-photon resonant regions, indicating enforced coupling to higher 
vibrational states. 
7.3.3 Coupling to high lying levels, of local or global character; the P(4) 
one-photon quadruplet. 
From fig. 9 it is seen that the P(4)-quadruplet is not observed exactly at the expect­
ed frequencies but that overall shift to the blue of about 10 MHz is measured for all 
four components. Nevertheless, the 'fingerprint' of relative intensities (Ai:Fi:E:F2 
= 1:3:4:3) leaves no doubt about the assignment (see fig. 6). The behavior of the 
up-down-up quadruplet resonance frequencies was investigated for different detun­
ings of laser 2 in a spectral interval of -50 to +180 MHz with respect to the 10P16 
CO2 frequency. The result is presented in fig. 9. 
The overall blue shift of all P(4) up-down-up features is attributed to resonant 
coupling of the π = 0 and η = 1 states induced by the strong laser fields. The AC-
Stark effect for resonant pumping (dressing) has been discussed in detail in [11]. 






150 160 170 180 190 200 210 220 
laser 1 detuning [MHz] 
230 
Figure 7 7 Up-up-up-down spectra, obtained of a blow up from figure 6, laser-2 detuning 
of 179 MHz. The laser-2 detuning is indicated at the right ordinate Three assigned 
features are observed, viz. the two-color two-photon P(4)E transition (up-up) (φ) and 
the up-up-down quadruplet (ш), the up-up-up-down excitation of the P(4)E (n = 2) level 
(•) is shaded. The change in intensity of this feature results from interference effects 
arising from the different pathways coupling the ground state with the (n=2) excited 
state, see also the ¡eft part of fig 4 
For the dressing fields detuned to the red with respect to the unperturbed transition 
frequency, as in our case, the resonance frequency is shifted to the blue. 
The local perturbation of the shifted resonance frequencies (fig. 9) for a specific 
laser-1 L· laser-2 frequency combination is believed to come from isolated addition-
al multi-photon resonances. An example is depicted on the right part of fig. 4. 
These levels can come by chance in to resonance with the initial or final level for 
the particular v\, v-i combination. The clearest example is the deviation of the Αχ 
component at a frequency of (laser-1, laser-2)=(125, 30)MHz. A similar behavior 
is found for the other components at different frequency combinations but less pro­
nounced. The F2 component for instance shows a turning point for the derivative 
feature for the combination (laser-1,laser-2) =(230,170) MHz, fig. 9. The frequency 
combinations of laser-1 and laser-2 for which perturbations are observed are listed 
in table 5 together with possible resonances with higher vibrational states. 
In fig. 8 the coupling scheme of the P(4) initial (71 = 0) and final (n = 1) state 
with rotational sublevéis higher up the vibrational ladder is illustrated. For η > 1 
possible near-resonances with other rovibrational states are depicted (see also table 
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Figure 7.8. Rovibrational levels important for the one-photon P(4) up-down-up tran­
sitions. The lower past displays the initial, (i), and fina], (f), levels. The upper part 
summarizes levels possibly coupled too (i) or (f) by the applied laser ñelds yielding the 
resonances of fig. 9. Levels (1) & (5) couple to (i), levels (1), (2), (3) &i (4) to ({). 
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Figure 7.9. Local intermediate resonances on top oían overall blue shift, for the up-down-
up P(4)-quadruplet transitions for varying iaser-1 S¿ ¡aser-2 frequency combinations. The 
dashed horizontal lines indicate the unsbifted resonance frequencies. Laser detunings are 
relative to the center of the 10P16 CO2 laser transition. 
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5). 
The coupling of the η = 0 and π = 1 level with isolated multi-photon levels can 
take place either by laser-1 or laser-2. We discuss only couplings up to the fourth 
vibrational level, no other information being available. Isolated energy levels can 
couple to the vibrational ground state, with J=4, or to the one-photon vibrational 
excited state, with J = 3 . The laser frequency У™
=1 for which coupling of the η = 0 
state with higher excited states (n > 1) occur are concluded from the known τι-
photon resonance frequencies v
n
. Coupling with the η = 1 final states can be 
calculated from these two, i.e. i/™
=1 = vn — vn=i, where vn=\ is the one-photon 
resonance frequency. 
7.4 Conclusions 
This paper does not deal with ordinary spectroscopy. Though the realized res­
olution and experimental accuracy of frequency measurements amounts to about 
1 MHz, the discussed assignments often are off by several hundreds of MHz. As 
spectroscopic substrate we have chosen SFe because a refined Hamiltonian is able 
to predict energy levels up to η — 4. The theoretical accuracy decrease the higher 
the value of n. 
In this paper we have discussed the advantages of using two colors V\ and v2 
in multi-photon spectroscopy. The net transition frequency, ιΛη), of an n-photon 
transition involving n\ photons v\ and n2 photons v2 is written v^ = n\V\ + n2v2 
with η = п\ +7i2. This resonance condition implies a correlation of the frequencies 
v\ and v2 which depends on щ and n2. Specifically, recording ¿Ί as a function of 
v2 for such an η-photon feature allows a determination of щ and n2, and thus the 
order of the process. Evidence for three-photon processes and strong indications 
for four- and six-photon processes is presented. 
Based on the shift-test, up-up-up-down processes have been individualized; i.e. 
4-photon processes are studied with rotational resolution. Their shift -induced, too, 
by stimulated emission- are strikingly opposite to what is observed for up-up-up-... 
transitions. 
Finally, the well-known one-photon transition frequencies of Ρ (4) transitions 
have served to probe e.g. a four-photon coupling perturbing an up-down-up tran­
sition. Two multi-photon schemes interfere with each other and enhance the plen­
itude of new effects discussed in this paper. 
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laser-1 at 10pl6, laser-2 at 10pl4 
Vobs "ca/ "-Oba ¿coi assignment 
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laser-1 Юріб, 
"obi "caí S, 
, laser-2 10ρ18 
ЭОЛ Seal assignment 
4 photon 2i>i + 2і/2 
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laser-1 10pl6, lase: 
0Ьа Veal Sobs 
r-2 10p22 
Seal assignment 
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no strong lines predicted or 
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Table 2. Observed and predicted multi-photon transitions іа the 1/3 ¡adder of 
SFg. The first line indicates the C02 laser lines for laser-1 and laser-2. The line 
directly above each table indicates the characterization of the η-photon transition 
with nv = n i " i + fi2"2.' n i a n t ^ n 2 denote the number of photons from laser-1 
ала laser-2 respectively. The fìrst column indicate the line identification. The 
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second and turd coJumn give the observed and calculated detunings и0ъ3 and veai, 
respectively. The predicted frequency uca¡ is given according to the Hamiltonian 
as discussed in [2], together with the assignment in column 6. All detunings axe in 
MHz with respect to the CO2 laser line center; if more than one identical photons 
are absorbed, e.g. 2v\ + lv2, \v\ + 2i/2, З1/1 4- 1"2> 2i/i + 2i/2, lv\ + З1/2, the 
detunings are calculated taking this number into account. The values v
mtn and 
v-mm indicate the investigated spectral interval according to table 1. The fourth 
and fìfth column depict the observed and calculated line strengths S0b3 and Scai, 
respectively. The strength is given by w (weak), m (medium) and s (strong). 
The calculated strength between different line combinations is not comparable and 
yields a relative value. Newly identifìed two-photon transitions are marked with · . 
Lines which are predicted but unobserved are indicated with - and lines which are 
observed but not predicted are indicated with ¡. 
laser-1 10P16, laser-2 10Ρ16 
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4 photon \ \ + 3ι>2, 
line ΐΊ+з ^2+2 
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« W -95 -30 35 
PI 910 989 s s R(9)E 
P2 877 989 s s R(9)E 
P3 895 989 s s R(9)E 
v
max
 995 1030 1065 
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laser-1 10P18, laser-2 10P18 
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Table 3. Observed and predicted multi-photon transitions for two identical laser 
lines (see also table 2.). The columns vl+J stand for the possible type ofi + j=n-
photon transition resulting in different resonance frequencies, column 4 (n = 2), 
columns 4, 5 (n = 3 or columns 4,5 and 6 (n = i). No specifìc assignment is 
made but the closest predicted resonances are listed with detuning, column 7, and 
assignment, column 8. 
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3-1 360 348 
-1 2 -112 -118 
-2 4 -224 -214 










С 197 169 2-1 225 222 P(4)Ai lh// 
205 169 2-1 241 238 P(4)Fi lhu 
205 169 4-2 480 464 Q(9)Fj 2hi/ 
212 169 2-1 254 250 P(4)E lhu 
212 169 4-2 508 532 P(7)Fi 2hi/ 
229 169 2-1 289 286 P(4)F 2 lhi/ 
Table 4. Observed up-down transitions and resonances with predicted multi-
photon frequencies. In column 4 the transition type is indicated by η-i and 
7i2. The plus or minus sign indicates absorption or stimulated emission of the 
pboton(s) involved. In column five the resulting sum frequencies are given and 
in columns seven and six the predicted multi-photon transitions with calculated 
frequencies, respectively. All detunings are given with respect to the laser line 
















































Table 5. Local couplings of initial or final levels of the one-photon P(4) up-
down-up transitions, which are produced with both lasers set to the 10P16 
laser line. The relative detuning of laser-1 (Av\) and laser-2 (A1/2) indicate 
where local perturbations of the up-down-up transition frequencies are found, 
see fig. 9. The assignment (n,J,symm.,p) of possible perturbing levels is given; 
ρ stands for the running index. The level index corresponds to the numbering 
of fig. 8. The column uth shows the theoretical frequency detunings for which 
the leveh (l)-i-(5) are coupled, either to the initial, (i), or to the final, (f), level. 
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Epilogue 
A.F. Linskens and J. Reuss 
Department of Molecular and Laser Physics, University of Nijmegen 
Toernooiveld, NL-6525 ED Nijmegen, Netherlands 
The point of departure was to bridge the gap between high-resolution laser spec-
troscopy and laser induced and controlled multi-photon absorption processes in 
molecules. To study these processes, SFe has been proven to be an ideal partner. 
In the weak (single) field regime the vibrational i/j ladder acts as a quantum system 
with (almost) unperturbed discrete energy levels. In the strong (multi) field regime 
the energy levels become so mixed up and dense that multi-photon processes easily 
occur. The twilight-zone in between becomes 'illuminated' if experimental tech-
niques can cover both boundary-regimes and the linking region. This work tries to 
provide for these experimental demands and demonstrates the 'adiabatic change' 
from high resolution spectroscopy to multi-photon absorption processes. 
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The demonstration of Ramsey-fringes has shown a break-through for molec-
ular systems. Making use of the Doppler-free two-photon absorption technique 
the phase-coherence requirements for the different laser-molecule interactions has 
been met. The obtained accuracy of 1 kHz in 30 THz is only a start. With the 
state-of-the-art laser technology as exploited in Paris-Nord ultra high resolution 
spectroscopy in the infrared on molecules becomes accessible. Realization of the 
Ramsey fringe technique will give rise to a new generation of ultra stable infrared 
laser sources with high spectral purity. The observation of hyperfine structure in 
multi-photon processes is aimed at to show the strength of this technique. The 
frequency accuracy of 1 part in 1016 is expected. The study of qed phenomena and 
frequency standard -up to now a domain of atomic physics- can now be undertaken 
with molecules, without loss of accuracy. 
The Ramsey fringe technique can also be used as a new type of detector. In the 
free-field zone the molecular clock ticks with its constant frequency. If, however, 
the clock is disturbed due to interaction of e.g. a radiative field which couples to 
other energy states the ensuing phase change gives rise to a shift of the Ramsey 
fringe pattern. The sensitivity of this technique is determined by the precision 
of the fringe pattern; very weak couplings to other energy levels become probe-
able. In fact, this forms another potential & potent connection between ultra high 
resolution spectroscopy and multi-photon processes. 
Turning from the weak to the strong field regime Rabi oscillations are encoun-
tered. Making use of a coherent light source the population of the energy levels 
in a two-photon process, with a detuned intermediate level, oscillates neatly with 
the expected Rabi-frequency. However, as soon as a second coherent light source 
is introduced, acting simultaneously with the first one, a deviation of this cycling 
process is observed. Especially, when the irradiance of one laser becomes very in-
tense, the energy levels start to mix-up, producing multi-photon processes which 
destroy the clean Rabi-cycling; the twilight-zone is entered, but should be explored 
further. 
The coupling between the Rapid Adiabatic Passage phenomenon and AC-Stark 
effect is elaborated. In the Dressed State Model a multi-level system can be visual-
ized if non-resonant coupling is neglected. As a result of RAP inversion population 
is detected and controlled at the moment the avoided level crossing takes place. 
A more profound investigation of these higher order effects leads to the observa-
tion of interference of transition amplitudes. Instead of keeping the sum frequency 
of both lasers resonant with two molecular energy levels and avoiding intermediate 
resonances, a first laser field is now put into resonance with a vibrational transi-
tion. A second laser probes the transition probability for excitation to the second 
vibrational state; for this two-photon transition the first excited state with its AC-
Stark split levels acts as detuned intermediates which all can be visited during the 
two-photon excitation process. For a judicious choice of power of the first laser 
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Figure 8.1. Laser controlled dynamics of molecular processes through high resolution 
spectroscopy in multi-photon absorption processes, see text. The laser detunings are 
given with respect to the 10P16 CO2 laser line. Both pump and probe lasers are sharply 
focussed to a diameter of about 1 mm. The probe laser power used is 500 mW. The 
dashed line indicate zero bolometer signal. 
Quantum interference in a multi-photon process has been put into evidence. 
Also here the playing ground is barely opened; changing to higher pump laser pow­
er and choosing different polarization conditions many possibilities of resonantly 
enhanced excitation, of orienting dipole-less molecules and of general amusement 
are within reach. 
The consequences of two lasers interacting simultaneously with a molecular 
system are manifest. Though, high resolution spectroscopy remains possible as is 
shown by the observation of a four-photon excited vibrational state. The conditions 
with respect to laser power and laser frequency, however, become much more strin­
gent. One should bear in mind that a four-photon transition is only one step away 
from the alleged beginning of the vibrational quasi-continuum (for SFe), where the 
energy levels become too dense to be resolved spectroscopically. Exploring these 
highly excited sharply resolved vibrational states takes us right into the field of 
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intra-molecular energy redistribution (IVR), but with a special note! Our partner, 
SFe, stays remarkably pure as a vibrator, even up to 4000 c m - 1 ; the generation of 
a dense manifold of states is not as elsewhere caused by mode-mixing but mainly 
by symmetry splitting within the 1/3-mode -a truly unique situation. 
The tender beginning of observed up-down-up processes in molecular excita­
tion opens a new field of research. Prom hereon the hunt for these phenomena 
could be started. First, up-down-up excitation schemes lead to a multiplexing of 
multi-photon processes; a multi-pathway excitation scheme with expected amusing 
interference effects is generated. The possibility to study these interference effects 
between various pathways in an excitation process signals new hunting grounds. 
Second, making use of counterpropagating laser beams, multi-photon processes in 
molecules with conservation of the direction of angular momentum transfer become 
possible; a new technique for molecular cooling might start from here. 
To conclude with, the arc from high resolution spectroscopy to multi-photon 
absorption processes is illustrated in figure 1. In our opinion it is not the most im­
pressive result of this thesis; it shows the coexistence of narrow and broad features 
in the same spectral region, when the molecule becomes dressed by a strong pump 
field. 
Feature B, a one color two-photon transition, remains sharp and well defined under 
off-resonant dressing by the pump laser. Therefore, AC-Stark splitting can be ob­
served convincingly. -Feature A, with the same initial and final level as feature В 
but resulting from a two-color transition, behaves strikingly different under dress­
ing; it becomes broad and ugly. As an aside, feature С represents three one-photon 
transitions starting with .M-shaped line forms as consequence of a probing power 
which is definitely large for this one-photon process. The dressing leads to a broad­
ening but also to a strongly enhanced integral 'transition-strength'; behind the 
mountain labeled С multi-photon transitions are present that use the one-photon 
excitation as step-up to get aloft. 
Samenvatting 
In dit proefschrift wordt het onderzoek beschreven naar verschillende mogelijkheden 
om moleculen met behulp van (zeer) intens licht van een scherp vastgelegde kleur 
te exciteren. Moleculen reageren in het algemeen slechts op een bepaald aantal, 
welbepaalde kleuren licht. Door één van die kleuren aan te bieden, kan bovendien de 
reactie van het molecuul op andere kleuren beïnvloed worden. Het netto resultaat 
van de wisselwerking van een molecuul met verschillende, al dan niet gelijktijdig 
aanwezig zijnde kleuren licht (de meer-kleuren respons), zal dus afhankelijk zijn 
van de gevoeligheid van het molecuul zowel voor ieder van de afzonderlijke kleuren 
als voor de combinatie van die kleuren. Uit metingen van de moleculaire respons 
als functie van sterkte en kleur van de verschillende lichtbronnen kan dan ook veel 
informatie over het molecuul gewonnen worden. Dit is de rode draad die door dit 
proefschrift loopt. 
Als monochromatische lichtbron is een C02-laser gebruikt. Afhankelijk van 
de kleur, ofwel frequentie, van het laserlicht worden de moleculen wel of niet 
geëxciteerd. Door de frequentie van het laserlicht te veranderen en de molecu-
laire respons te meten wordt een excitatie-spectrum van de moleculen gemaakt. 
De interne bewegingen van de moleculen zoals rotatie en vibratie, die voor de 
geëxciteerde toestand bepalend zijn, kunnen zo gevonden worden. Het meer-kleuren 
effect is onderzocht door gebruik te maken van twee lasers, die tegelijkertijd de 
moleculen bestralen. Dit leidt tot afwijkingen in het excitatie-spectrum en toont 
aan dat de oorspronkelijke bewegingen veranderen; de excitatie van het molecuul 
komt dus op een andere manier tot stand. 
In het eerste hoofdstuk wordt de experimentele opstelling besproken. De frequentie-
stabiliteit in combinatie met de hoge vermogens van de lasers resulteren in een 
grote spectrale helderheid. Samen met andere experimentele nieuwigheden zijn dit 
de basis-ingredienten voor het onderzoek. 
In hoofdstuk twee wordt de interactie van moleculen met een 'tsjilpende' laser 
met hoog vermogen besproken. Een snelle verandering van laser frequentie (lees 
'tsjilp') tijdens de interactie geeft aanleiding tot een hele specifieke excitatie: het 
hoge laservermogen resulteert in een opsplitsing van de energienivo's. De interactie 
met een tweede laser zorgt voor een selectieve excitatie van de gesplitste nivo's. 
Een meer diepgaande discussie over simultane laser-interacties wordt besproken 
in hoofdstukken drie en vier. In een theoretisch model wat gebruikt wordt om 
de experimentele resultaten te verklaren, wordt het molecuul voorgesteld als zou 
het maar drie mogelijke vibrationele excitaties bezitten, een zogenaamd drie-nivo 
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systeem. Een sterke laser (de "pomp") koppelt de onderste twee nivo's en een 
zwakkere laser (de "probe") koppelt het onderste met het derde nivo; het eerste 
vibrationele energienivo fungeert hierbij als niet resonante tussenstap. Als gevolg 
van de sterke interactie van de pomp laser met het eerste vibrationele nivo wordt 
de waarschijnlijkheid van het twee-foton proces sterk beïnvloed. Door een geschik-
te keuze van pomp laser vermogen ontstaan interferentie-effecten, die leiden tot 
een sterk gereduceerde overgangssterkte van de twee-foton overgang. Als de po-
larisatie van de probe laser veranderd wordt kan de rotatic-as van het twee-foton 
geëxciteerde molecuul uitgelijnd worden. De moleculen spinnen nu allemaal om 
hun as. 
In hoofdstuk vijf is de invloed van intensiteits-verandering en van het laser-
licht op de moleculaire excitatie onderzocht. Het blijkt dat voor toenemende in-
tensiteit de moleculen afwisselend geëxciteerd en niet geëxciteerd worden. Ook 
dit process blijkt sterk afhankelijk te zijn van de kleur van het laserlicht. Voor 
meerkleurig laserlicht verdwijnt deze oscillerende intensiteits-afhankelijkheid en 
worden de moleculen gelijkmatig geëxciteerd. Door gebruik te maken van twee-
kleurig licht is het overgangsgebied, waar deze verandering optreedt, onderzocht. 
In hoofdstuk zes is het effect besproken van de in de tijd gescheiden interactie 
van moleculen met twee afzonderlijke lasers. Bij de eerste interactie worden de 
moleculen als het ware gedeeltelijk geëxciteerd. In de veld vrije zone blijven de 
moleculen in deze toestand. Bij de tweede interactie gebeurt iets bijzonders: als de 
frequentie van de tweede laser exact overeenstemt met de frequentie van de eerste 
dan wordt de excitatie versterkt. Is dit niet het geval dan wordt de gedeeltelijke 
excitatie weer ongedaan gemaakt. Dit effekt is uiterst gevoelig voor de precisie 
waarmee de frequenties aan elkaar gelijk kunnen worden gemaakt en op deze wi-
jze kan een frequentie standaard verkregen worden. De verwachting is dat een 
nauwkeurigheid van l-j-1016 mogelijk zal zijn. Dit is vergelijkbaar met 1 seconde 
op 300 miljoen jaar! 
Tot slot is in hoofstuk zeven de simultane interactie van moleculen met twee 
lasers met zeer hoog vermogen onderzocht. Door de intensiteit en de frequentie 
te variëren zijn veel nieuwe excitatie-processen ontdekt. Het is zelfs gelukt een 
'scherpe' vier-foton overgang te maken. De uitkomst hiervan biedt de moge-
lijkheid tot de verdere ontwikkeling van gecontroleerde multi-foton excitatie. 
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